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Abstract

The renovation of a building entails not just the fulfillment of 
functional demands, but also considerations such as investment 
costs, energy consumption, and occupant well-being. Building 
energy retrofitting should pursue “cost-optimal levels.” To do so, 
the present study proposes a method aimed at “defining the energy 
performance of buildings’ shells” with ‘optimal cost levels.’ With 
this aim, the multi-objective optimization method is adopted. Using 
the genetic algorithm, the optimization method a connection is 
defined between the optimization algorithm in the jEplus software 
(as the optimization engine) and the EnergyPlus™ software (as the 
simulation engine), and allows the designer to evaluate a range 
of different options and select the best. In this paper, a developed 
method for energy optimization of reference buildings is conducted. 
Simulation-based simulation results indicate that the energy saving 
rate in the four different climates of Iran is 29% to 58% lower than 
the base model. One of the results available can be best suited for 
expert judgment or decision making.
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Introduction

Research has consistently shown the emerging role of 
existing buildings in the context of energy consumption 
(Itard & Meijer, 2008). Therefore, the potential of energy 
saving in the building sector is remarkable (Tuominen et 
al., 2012); so it is fundamental to retrofit existing buildings 
in a procedure in which they consume minimum energy 
with reasonable renovation investment costs. Productivity 
enhancement of existing buildings is becoming a practical 
step for reducing environmental impacts and increasing 
cost control (Bolattürk, 2008). 

Hence, energy efficiency in building stock has become a 
potential approach to accede sustainability in the built envi-
ronment and a lucrative source for builders and investors 
(Aslani et al., 2019). Knowing that, for many years to come, 
measures taken in existing buildings will have a significant 
effect on the total energy demand in the building stock. The 
rapid enhancement of energy efficiency in existing buildings 
is essential for energy consumption reduction and the 
cultivation of environmental sustainability. Existing building 
retrofits offer many challenges and opportunities. By apply-
ing the cost concept to exergy, García Kerdan et al. (2017) 
used exergoeconomic analysis to find the optimal insulation 
thickness in four different climates in Turkey.

Due to its definitive impact on energy consumption, build-
ing envelope plays a crucial role in the investment costs 
(ASHRAE, 2014), and the pattern of energy demands will 
change after the retrofit of the building enclosure (Straube 
& Burnett, 2005). Building envelope energy performance 
involves numerous parameters including wall and roof 
insulation, window area, window glazing, window shading, 
climate zones, and building orientation (Yang et al., 2017). 
Each of the features affects the energy efficiency of the 
building enclosure (Méndez Echenagucia et al., 2015). 

Therefore, determining the proper components of the 
building envelope is controversial, in that economic con-
siderations should also be noticed (Asadi et al., 2014; Evins, 
2015; Karmellos et al., 2015; Mostavi et al., 2017). Because 
a building with the least amount of energy consumption 
is unlikely to be cheap, the energy analysis of the building 
envelope becomes more complicated. Besides, most of 
the cost-saving patterns are associated with lower energy 
consumption. Traditionally, this type of analysis has been 
carried out using DOE-2 (DOE-2.3V 49, 2016) or EnergyPlus 
(EnergyPlus V 8.8.0, 2018). In such approaches, the interac-
tion of design variables with other variables as well as the 
optimized envelope effect on the energy consumption of the 
building is ignored (Tian, 2013); in addition, under the best 
optimization based on simulation, this approach is practi-
cally “one factor at a time” (Delgarm et al., 2018). 

In addition, a single-objective approach is very time con-
suming and impractical for multidisciplinary approaches as 
nonlinear interactive effects of different variables should be 
evaluated (Kheiri, 2018). As a result, technical specifications 
of the building envelope implemented by typical parametric 
design methods are not fully reliable. For this reason, “sim-
ulation-based optimization” has been developed along with 
the progress of computer science in the last two decades to 
increase the productivity of a building (Nguyen et al., 2014). 
Ascione et al. (2015), using the genetic algorithm, achieved 
optimal values   of building envelope components based on 
their energy consumption and investment cost. Delgarm et 

al. (2016) also found an optimal amount of building envelope 
variables using the genetic algorithm considering the cool-
ing and heating demands. Zhang et al. (2017) investigated 
three objective functions, energy, lighting, and thermal com-
fort, for achieving optimal values   of the building envelope. In 
a recent study, Gou et al. (2018) optimized neural network 
and genetic algorithms to optimize the building envelope 
to achieve the highest thermal comfort and minimum 
energy requirements. Reynolds et al. (2018) applied a similar 
optimization with emphasis on the design of the mechanical 
system. Sharif and Hammad (2019), focusing on the retrofit 
of existing building envelopes, optimized their Life Cycle 
Cost (LCC) and environmental impact using Life Cycle 
Assessment (LCC).

Currently, there are several optimization algorithms avail-
able (Ascione et al., 2019), among which researchers often 
prefer to use random-based population-based algorithms. 
The present study provides a comprehensive study on the 
effect of building envelope parameters, including window 
size, glass type, and insulation thickness, on energy con-
sumption and construction costs. This study investigates 
the feasibility of applying a multi-objective optimal model 
on building envelope design which involves an energy 
performance of building envelope integration model with  
a multi-objective optimizer.

Research Methodology

The approach of this research, based on multi-objective opti-
mization, is proposed to evaluate the cost-optimal solution 
concerning energy efficiency. EnergyPlus has been selected 
as a tool for building information simulation. Particularly, the 
jEPlus optimization engine has been selected to optimize 
multi-objective problems using a genetic algorithm and 
carry out the energy-simulation (Zhang, 2009).

The correlation between variables and objectives was tested 
using Sobol method in SimLab. Python scripts were used in 
both pre-processing of the models and post-processing of 
the simulation results.

Application to a Case Study

In the present study, to investigate the sensitivity analysis 
and optimization process, the method used for educational 
class to study the effect of parameters on energy perfor-
mance in four main climates of Iran have been implemented.

In Figure 1, a view of the classroom in Tehran has been 
illustrated. All the space around the room is ventilated and 
temperature-sensitive and all internal walls are adiabatic.  

 
Figure 1: A view of model in Sketchup. 
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The class is considered to be 10 meters in length and width 
and 3.5 meters in height. The wall facing the south of the 
simulated room has a double-glass window with a width 
of 6/6 * 1/6 m with a window-to-wall ratio of 30%. In the 
classroom, an ideal air-conditioning system is considered. 
Schedules for occupant presence, illumination, air infil-
tration, and setpoint were provided in EnergyPlus, which 
maintains the temperature of the classroom at 21 degrees 
Celsius in winter conditions and 28 degrees Celsius in sum-
mer conditions. Also, the daylight-lighting control sensor 
is fitted with a brightness up to 600 and at least 300 lux at 
the height of 80 cm from the floor, in the center. In addition, 
according to timetables. U-values of the materials are 2.8, 
4.2, and 5.5 in the walls, floors, and windows, respectively.

The tree diagram in Figure 2 shows the design variables,  
and Table 1 shows the window types used in the analysis  
of the research.

As window’s dimensions increase, we see an increase in the 
entrance of light, which reduces the need for artificial light. 
In cold seasons, this will cause more sunlight to enter, which 
is desirable. While in the warm seasons, this increase in the 
window level increases the entry of heat into the interior and 
increases cooling. In addition to all, the larger the window 
area, the more construction cost. 

In the following, to analyze the sensitivity of each parameter, 
we carried out sensitivity analysis in SimLab. By analyzing 
the general indexes of sensitivity of each parameter consider-
ing two objectives of total energy consumption and construc-
tion costs, we came to conclude that the window size has the 
greatest effect. In addition to the dimensions of the window, 
its position on the wall is also of particular importance. For 
this reason, in this study, the limits of the window position 
relative to the coordinates of the wall are defined. After 

window dimensions, the most effective variables are the  
roof insulation and rotation of the building, respectively. 
Finally, the type of glass has the least importance compared 
to other parameters.

Results and Discussion

The results showed that single-objective optimization based 
on total energy with a 21% increase in the construction 
cost can reduce the energy cost by 31%. While based on 
construction costs with a 2% reduction in costs, it has a 4% 
increase in energy consumption. Considering both con-
struction cost and the total energy, it had a rise of 0.5% in 
cost and 28% of energy consumption reduced.

In two-objective optimization, a set of optimized points 
is presented as a Pareto front. Figure 3 presents the 
results of two-objective optimization with the results of a 
single-objective. According to this figure, the amount of 
cost needed for single-objective optimization would result 
in the consumption of 20190 kWh of annual energy, the 
corresponding image which is Pareto graph with an annual 
energy consumption of 17950 kWh. Figure 4 shows a more 
appropriate scale of the Pareto front for Tehran. This trend 
is also carried out for other cities, such as Yazd, Ardabil, 
and Bandar Abbas, where Figure 4 illustrates the possible 
solutions in these cities.

The final profile of the building envelope for the four cli-
mates of Iran is shown in Table 2. As a result, two-objective 
optimization can decrease by 37% in energy consumption, 
which reduces costs by 17%.

Results of multi-objective optimization in four climates 
show that the total cost of energy and construction can be 
reduced from 28% in single-objective optimization to 39.5% 
in two-objective optimization. However, in single-objective 

Figure 2: Tree diagram of design variables. 

 

Table 1: Window types used in the study. 

 
 Figure 4: Optimum points in four climates. 

 

Figure 3: Comparison of single-objective and two- 

objective optimization. 

 

Glass type U SHGC TSOL TVIST

Single glass 6mm 5.849 0.861 0.837 0.898

Double glass 
6mm/13mm Air

2.72 0.764 0.705 0.812

Double glass 
6mm/13mm Argon

2.556 0.764 0.705 0.812

Double glass-Low-E 
6mm/13mm Air

1.761 0.691 0.624 0.744

Double glass-Low-E 
6mm/13mm Argon

1.41 0.691 0.624 0.744
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optimization, the dimensions of the window are 10% which 
cannot transmit the desired lighting throughout the day, 
while two-objective optimization with an emphasis on 
daylight brightness has increased by 15%. Results show 
with an increase of less than 1% of the cost of construction 
in all cities, we will have a significant reduction in annual 
energy consumption. Also, the size of the opening in the cold 
climate is more than other cities.

Conclusion

In this paper, a multi-criteria optimization method was 
implemented to minimize energy consumption and con-
struction cost. The results of parametric studies, sensitivity 
analysis of variables, and single-parameter optimization and 
multiple criteria were analyzed. Decision-making variables 
for optimization, including building orientation, window 
size, type of glass, the thickness of roof and wall insulation, 
were evaluated. By performing sensitivity analysis, the least 
significant parameters were eliminated. Results of sensi-
tivity analysis showed that the parameters of the window 
dimensions, the thickness of the insulation of the ceiling and 
the wall were respectively influential variables according to 
objectives. The results of the Pareto front in two-objective 
optimization showed that the conditions are far more 
satisfying than the single-objective one.

The results of this research indicate the vivid effect of inter-
active behavior of parameters with each other relative to the 
objective functions; in this type of optimization, designers 
also have greater freedom of action than the obtained solu-
tions and can be more effective about the decision-making 
process optional choice. 

Decision City 
Variables

Tehran Yazd Ardebil Bandarabbas

Building 
orientation (°)

15 25 10 20

Window 
width (m)

2.7 2.9 3.5 3.2

Window 
height (m)

1.9 1.7 1.9 1.9

OKB (m) 1.2 1.2 1.2 1.2

WWR % 15 14 19 17.3

Window type Double glass 
with Argon

Double glass 
with Argon

Double glass 
with Argon

Double glass 
with air

Wall  
insulation 
thickness (m)

0.025 0 0.05 0

Roof  
insulation 
thickness (m)

0.075 0.05 0.075 0.075

Annual 
energy 
consumption 
(kwh)

17351.52 22327.76 12376.01 30569.83

Construction 
cost (rial)

3.74E+08 3.72E+08 3.75E+08 3.74E+08

 

Table 2: Optimum Design Parameters Based on Multi-Object 

Optimization in different climates in Iran. 
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