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Abstract:



In this paper, an application of heuristic vs. meta-heuristic approaches to the design of an office building is presented. The building was first optimized by a heuristic approach based on the designers’ expertise, prior experiences and intuitions with the use of a whole building simulation tool, EnergyPlus. Then, a meta-heuristic approach was completed in MATLAB platform where EnergyPlus and Genetic Algorithm (GA) were coupled. M-script files were developed to automate execution of EnergyPlus simulation runs (reading output files and overwriting input files of EnergyPlus) in integration to GA. Based on a comparison between the heuristic and the meta-heuristic approach, it is shown that GA performs much better in finding a global optimum even under a constrained search space than the heuristic approach. The heuristic approach has advantages, such as reflection of a design context in decision-making and fast communication between stakeholders.
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1. Introduction


Due to the depletion of energy resources and global warming, it becomes important to achieve energy efficient building design. For this purpose, building energy simulation tools, e.g., EnergyPlus, IES-VE, etc., have been widely used for the building design process. Building designers rely on simulation tools in order to quantify the impact of design variables (e.g., insulation thickness, types of windows) on building energy consumption [1]. In the design process, simulation experts are invited to the design team for their intuitions and expertise, high-fidelity simulation runs, performance analysis, and rational decision making.



One of the most popular optimal design approaches employed in the aforementioned integrated design process is a heuristic approach. The heuristic approach is advantageous in that it can quickly find a good-enough solution with educated guesses, intuition, expertise, prior experience, etc. [2]. However, with the heuristic approach, it is hard to investigate an entire vast option space because it depends on a manual iterative process [3]. In other words, it is difficult to tell how optimal the good-enough solution is, which was determined by the heuristic approach [4].



In contrast to the heuristic approach, a meta-heuristic approach employs a computational method that iteratively improves a candidate solution with regard to a given measure of quality or an objective function. It can search for an optimal design solution within a vast option space.



In this study, two approaches (heuristic vs. meta-heuristic) were cross-compared for the optimal energy design of a post office building. It is generally true that the meta-heuristic approach, which uses the computer’s resource, is superior to the heuristic approach that relies on the human brain’s educated guess (expertise, experience, and intuition). Most of the recent optimal energy design studies have been focused on a comparison among meta-heuristic techniques or the application and practical use of optimization techniques [5,6,7,8,9,10,11,12,13,14]. Evins [14] and Attia et al. [15] summarized advanced issues, such as combination of optimization and simulation, optimization algorithms, tools for simulation and optimization, integration of optimization with design process, optimization shortcomings, etc.



Compared to the previous studies [5,6,7,8,9,10,11,12,13,14,15], this study was conducted in order to investigate why and how much better the meta-heuristic optimal design of a post office building is, than the heuristic optimal design. This paper is not intended to report a comprehensive optimal energy design case using an advanced optimization algorithm, e.g., stochastic multi-criterion optimization [16]. Rather, this paper reports an application of the heuristic and the meta-heuristic optimal energy design to a real design process. Simulation specialists became involved in this design process at a final design stage and architectural design variables were strongly constrained. Under this design context, this paper reports a comparison between the heuristic and the meta-heuristic approach.



For the heuristic optimal design of the given building, a team consisting of architectural designers and simulation specialists worked together for several weeks. The simulation specialists manually conducted iterative runs of EnergyPlus to optimize their design. Next, for the meta-heuristic approach, the simulation specialists integrated EnergyPlus—one of the whole building energy simulation tools—to an evolutionary algorithm, or Genetic Algorithm (GA). In the following sections, two approaches will be explained and cross-compared.




2. Case Study


The building is a three-story post office building with one underground floor, with a total floor area of about 978 m2. The building is located at Sejong City in South Korea (36.48°N, 127.25°E), and the weather data of Daejeon city was used. The distance between Sejong City and Daejeon city is about 28 km.



The shape of the building is nearly rectangular and it faces northeast (rotated 34 degrees clockwise from north). This northeast wall is the only wall that contains windows. 250 mm-thick expanded polystyrene board (EPS) is applied as insulation of the aboveground external walls, and 250 mm-thick extruded polystyrene board (XPS) is applied for the underground external walls. The building’s roof has 300 mm EPS board. Each room in the building has a Fan Coil Unit (FCU) or packaged air conditioner, and those terminal units use Ground Source Heat Pumps (GSHP). Each room’s ventilation is served by an Energy Recovery Ventilator (ERV). The building’s plan and EnergyPlus model is shown in Figure 1. The thermal zoning of each floor corresponds to each architectural space (Figure 1a–d).


Figure 1. Plan and EnergyPlus model of the building (for room category remarked as A–H in Figure 1c,d, please refer to Table 1). (a) Plan (1st floor); (b) Plan (2nd floor); (c) Thermal zoning and location of windows (1st floor); (d) Thermal zoning and location of windows (2nd floor); and (e) EnergyPlus model.



Table 1. Input variables given by the design team.







	
Room Category *

	
Operation Time

	
Minimum Outdoor Air (ACH)

	
Internal Equipment (W/m2)

	
Heating Setpoint (‘C)

	
Cooling Setpoint (‘C)






	
A

	
09-18

	
0.7

	
12

	
20

	
26




	
B

	
00-24

	
0.4

	
30

	
22

	
26




	
C

	
09-18

	
1.0

	
3.1

	
20

	
26




	
D

	
09-18

	
1.25

	
10

	
20

	
26




	
E

	
09-18

	
0.7

	
3.1

	
20

	
26




	
F

	
09-18

	
0.4

	
5

	
20

	
26




	
G

	
00-24

	
0.4

	
25

	
20

	
26




	
H

	
09-18

	
1.25

	
10

	
22

	
26








* A (332.0 m2): Lobby, office room, consulting room/B (16.3 m2): communication room/C (22.9 m2): entrance space/D (37.3 m2): officer’s lounge/E (41.2 m2): lavatory/F (115.3 m2): vault, warehouse, monument room/G (18.9 m2): supervisory data center/H (74.5 m2): automated counter, preparation room, loading bay. The location of each room category is shown in Figure 1c,d.
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Since the building design process was close to the end of the design development stage, most of the architectural, mechanical, and electrical design variables were already determined. Most input variables for the EnergyPlus simulation were given by the design team, such as the density and schedule of lights, occupants, equipment, building operation (set-point temperature and relative humidity level in heating, cooling and intermediate seasons), ventilation rate, the angle and schedule of blind slats, etc. (Table 1). For example, it was determined by the design team that the blind slats angle would be maintained at 45 degrees from June to September, and the blinds to be drawn up in other periods. Thus, dynamic optimal control of blinds was not included in this study.



Under the aforementioned design context, the list of the design variables that simulation specialists could suggest to the design team was limited as follows: the insulation thickness of building envelopes (walls in B1 [the 1st floor below ground], 1F [the 1st floor above ground]—2F [the 2nd floor above ground], roof), the location of blinds (exterior vs. interior), application of LED lights, and a glazing type. Please note that there is no insulation applied to the slab of the underground floor because B1 floor accommodates only unconditioned zones, such as mechanical rooms and a water tank room. With regard to the glazing type, the design team specified the U-value of windows, not mentioning the glazing type. The design variables of the original design are shown in Table 2.



Table 2. Changeable design variables of the original design (Case #0).







	
Design Variables

	
Value of the Original Design






	
Insulation thickness and U-values of walls/roof

	
Walls in B1

	
250 mm (0.117 W/m2K)




	
Walls in 1F–2F

	
250 mm (0.118 W/m2K)




	
Roof

	
300 mm (0.100 W/m2K)




	
Blinds

	
not installed




	
LED lights

	
not installed




	
U-value of glazing

	
0.91 W/m2K (glazing type is not specified)










The time step used for the EnergyPlus simulation was 10 minutes. The simulation result with regard to the original base-case design (hereafter referred to as Case #0) is as follows: annual total energy usage is 11,723 kWh (heating: 1378 kWh, cooling: 10,345 kWh).




3. Three Optimization Cases


3.1. Case #1: Heuristic Approach


The heuristic approach was applied first. This approach finds an optimal solution with the expertise, experience, and intuition of designers and specialists. In general, the building design stakeholders (e.g., architectural designers, MEP engineers, energy consultants, EnergyPlus simulationists, etc.) suggest probable design variables at each design iteration. Then, the proposed design variables are tested with the use of the EnergyPlus simulation run. If energy-saving of the proposed design variables is confirmed, then an economic analysis is conducted and the proposed design variables are adopted if they are economically advantageous.



This heuristic design process is an iterative as well as collaborative design development process until the building design stakeholders become satisfactory with their design outcome. The building in this study is relatively small and thus the design-feedback process (e.g., modeling, simulation, analysis) of any proposed design was quickly conducted. As a result, the design variables decided by the heuristic approach are shown in Table 3, hereafter referred to as Case #1.



Table 3. Design variables determined by the heuristic approach (Case #1).







	
Design Variables

	
Value






	
Insulation thickness and U-values of walls/roof

	
Walls in B1

	
250 mm (0.117 W/m2K)




	
Walls in 1F–2F

	
250 mm (0.118 W/m2K)




	
Roof

	
300 mm (0.100 W/m2K)




	
Blinds

	
External blinds to be installed to all windows

	
beam/diffuse/visible transmittance = 0.0

front/back beam/diffuse/visible reflectance = 0.5

front/back infrared emissivity = 0.9

slat conductivity = 0.9 (W/mK)




	
LED Lights

	
LED lights to be installed in two rooms requiring long burning hours per day




	
Glazing

	
all glazing: triple low-e glazing (U-value: 0.774 W/m2K, g = 0.433, e = 0.1 on surfaces 2, 4)










The insulation thickness was determined to be same as that of the original design (Table 2), because the building design stakeholders in this study—consisting of the architectural design team and simulation specialists—regarded the insulation of the original design as sufficiently thick (250 mm or 300 mm) (Table 2 and Table 3). With regard to the location of blinds (exterior vs. interior), the design stakeholders assumed that the exterior blinds would be more beneficial, because they can block solar radiation flowing into the building more effectively than interior blinds.



Because LED lights are still expensive, as compared to fluorescent lamps, it was suggested that the LED lights should be installed in the two rooms (the office room in Figure 1c and the monument room in Figure 1d) which require long burning hours per day. The power density of LED lights is 8.9 W/m2 and 13.4 W/m2, respectively, and its operation schedule is the same as the room operation schedule as shown in Table 1.



Finally, triple low-e glazing (U-value of 0.774 W/m2K, g-value of 0.433) was selected, since it is one of the most feasible choices in terms of the U-value, g-value, and market price.



Please note that if the building was large or complex, the simulation run-time may easily exceed 10 h, not to mention demanding time and effort for selecting probable design variables, updating a simulation input file modeling, and analyzing a simulation result.




3.2. Case #2: Meta-Heuristic Approach by Genetic Algorithm (GA) Applied to a Constrained Search Space


GA is a robust optimization method, especially when an optimization problem is not smooth and unimodal, not well understood, or the fitness function is noisy [17,18]. GA was selected in this study because our optimal design problem cannot be solved with gradient-based optimization. The integration of GA to EnergyPlus will be elaborated in Section 4.



As mentioned in Section 2, most of the architectural, mechanical, and electrical design variables were already fixed and the changeable design variables are limited (Table 2 and Table 3). The aforementioned changeable design variables were discretized in order to be used in GA, as shown in Table 4.



Table 4. Design variables and constraints for Genetic Algorithm (GA).







	
Design Variables

	
Range

	
Description

	
The Number of Design Options






	
Insulation thickness (mm)

	
Walls in B1, 1F–2F

	
70–350

	
Increment of 10mm interval

	
293




	
Roof

	
135–400

	
28




	
Blinds

	
0–2

	
0: No blinds

1: Internal blinds

2: External blinds

	
312




	
LED lights

	
0, 1

	
0: Not installed

1: Installed

	
215




	
Glazing

	
0–2

	
0: Triple low-e glazing (U = 0.774 W/m2K, g = 0.433, e = 0.1 on surfaces 2, 4)

1: Double Low-e glazing (U = 1.45 W/m2K, g = 0.571, e = 0.1 on surface 2)

2: Clear double glazing (U = 2.52 W/m2K, g = 0.719)

	
312










The minimum values of insulation thickness were set to South Korean building codes. The maximum values of insulation thickness were assumed to be the values of insulation thickness of the original design, plus 100 mm. Then, the insulation thickness is discretized with 10mm increment and the genetic algorithm finds the optimal insulation thickness at each floor. For blinds, there are three alternatives: no blinds, internal blinds, and external blinds. Each of the twelve windows in the building was assumed to have a respective option. LED lights were assumed to either be installed or not, in the fifteen rooms in the building. With regard to the glazing type, three options were made: low-e triple glazing, low-e double glazing, and clear double glazing. Each of the twelve windows was assumed to have either one out of three glazing options. In total, the possible number of design alternatives becomes about 6.3 × 1021 (=293 × 28 × 312 × 215 × 312) (Table 4). The objective function in our study is defined as the sum of annual heating energy consumption and annual cooling energy consumption.




3.3. Case #3: Meta-Heuristic Approach by Genetic Algorithm (GA) Applied to a Less Constrained Search Space (One More Option of a Design Variable)


If GA optimization had been applied at an earlier design stage, more varied design variables could have been optimized. To verify this hypothesis, the authors assumed that the window–wall ratio (WWR) could be changeable, and performed an additional optimization. WWR is defined as the ratio of each window’s area to the area of the wall where each window is installed. In this extended optimization, the following assumptions were made:

	
The list of design variables to be optimized is the same as in Case #2. In addition, it is assumed that the window–wall ratio of each window can be optimized ranging from 1% to 99%.



	
The number of windows remains the same as that of the original design (Figure 1).



	
The location of each window remains the same as that of the original design (Figure 1).








The number of possible design combinations becomes about 5.6 × 1045 (=293 × 28 × 312 × 215 × 312 × 9912), where 99 means 1% increment of window–wall ratio. The objective function is the same as the one described in Section 3.2.





4. Implementation of GA Integrated to EnergyPlus


In GA, a population of strings—which encode candidate solutions to an optimization problem—evolves toward better solutions. There are a certain number of individuals in each population, and each individual is comprised of binary strings that reflect the design variables in the real world. The typical number of individuals in each population range from 30 to 200 [19]. In this study, the numbers of generations and individuals were set to 80 and 30, respectively.



The GA is progressed as follows: first, the initial population is generated. After the generation, the values of variables are randomly selected between minimum and maximum, and assigned to each individual as a form of binary numbers. Then, optimization is performed through the following five iterative processes.

	
Fitness evaluation: evaluate each individual using the given objective function. The value of the function is the fitness of each individual.



	
Selection: two randomly-selected individuals participate in the selection operation to reproduce offspring. The higher fitness, the more chance to be selected.



	
Recombination: mixing of values occurs between selected individuals.



	
Mutation: a probabilistic bit-wise mutation proceeds, in which a given gene value is flipped from 0 to 1, or vice versa. A larger space is explored with this operation.



	
Elitism: in this study, all other solutions except the top two solutions having the highest fitness were replaced. This guarantees that the search does not diverge from a solution having a higher objective function than that already found by the search.








GA operators (selection, recombination, mutation) are iteratively executed and improve each individual during the GA process (Figure 2). When choosing the GA methods and parameters (Table 5), the balance between the degree of global optimality and convergence speed must be taken into account [20,21,22]. In this study, the following methods and parameters were selected as tabulated in Table 5 [23].


Figure 2. Flowchart of GA integrated to EnergyPlus.
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Table 5. GA operators, methods and parameters.







	
Genetic Operator

	
Method

	
Parameter






	
Selection

	
Tournament selection

	
-




	
Recombination

	
Uniform crossover

	
An average of 50% of the bits are swapped




	
Mutation

	
Bit-wise mutation

	
2% probability of mutation










The integration of GA to EnergyPlus was realized on MATLAB platform. In this study, every iteration of GA was executed by MATLAB script files written by the authors. EnergyPlus input files (*.idf) were automatically generated with updated new design variables. EnergyPlus output files were also automatically analyzed by MATLAB script files (Figure 2).




5. Results


5.1. Case #0 (Original Design), Case #1 (Heuristic) vs. Case #2 (Meta-Heuristic Approach Applied to a Constrained Search Space)


The building’s heating and cooling energy as optimized by the heuristic (Case #1) and the meta-heuristic approaches were compared to those of the original design (Case #0) (Table 6, Figure 3). Of the original design’s total energy consumption, 24% and 33% can be saved by the heuristic and the meta-heuristic approaches. Especially, there is no significant reduction in cooling energy between Case #1 and Case #2. Compared to Case #1, Case #2 saved more energy by 9 %.


Figure 3. Comparison of annual heating and cooling energy between Cases #0, #1 and #2.
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Table 6. Comparison of heating and cooling energy between three cases (Cases #0, #1, #2).







	

	
Heating (kWh)

	
Cooling (kWh)

	
Total (kWh)






	
Case #0

	
1378 (100%)

	
10,345(100%)

	
11,723 (100%)




	
Case #1

	
1240 (90%)

	
7704 (74%)

	
8944 (76%)




	
Case #2

	
471 (34%)

	
7375 (71%)

	
7847 (67%)








The numbers in parentheses refer to a relative percentage compared to Case #0.








The design variables determined by the heuristic and the meta-heuristic approaches are tabulated in Table 7. It is noteworthy that the insulation thicknesses of walls in each floor obtained from the meta-heuristic approach (GA) are different from each other (e.g., 130 mm in B1, 310 mm in 1F, 310 mm in 2F). In addition, the insulation thicknesses of each floor were not close to its minimum (70 mm for walls, 135 mm for roof) or maximum (350 mm for walls, 400 mm for roof) value (Table 4). It was speculated that GA found a converging optimal point between heat-gain and heat-loss during one year.



Table 7. Comparison of design variables.







	
Design Variables

	
Value




	
Original Design (Case #0)

	
Heuristic (Case #1)

	
Meta-Heuristic (Case #2)






	
Insulation thickness (mm)

	
Walls in B1

	
250 mm

	
250 mm

	
130 mm




	
Walls in 1F

	
250 mm

	
250 mm

	
310 mm




	
Walls in 2F

	
250 mm

	
250 mm

	
230 mm




	
Roof

	
300 mm

	
300 mm

	
385 mm




	
Blinds

	
Not installed

	
All external blinds

	
All external blinds




	
LED lights

	
Not installed

	
Installed in two rooms

	
Installed in all rooms




	
Glazing in room #

	
1

	
Specified in terms of the U-calue of 0.91 W/m2K

	
Triple low-e glazing for all twelve windows

	
Double low-e glazing




	
2

	
Triple low-e glazing




	
3

	
Triple low-e glazing




	
4

	
Triple low-e glazing




	
5

	
Triple low-e glazing




	
6

	
Double low-e glazing




	
7

	
Triple low-e glazing




	
8

	
Triple low-e glazing




	
9

	
Double low-e glazing




	
10

	
Triple low-e glazing




	
11

	
Triple low-e glazing




	
12

	
Triple low-e glazing










It was found by GA that external blinds are advantageous for the energy savings of the building, which is the same with the decision of Case #1, determined by the intuition that external blinds would be effective in blocking solar radiation. It is found from GA that LED lights should be installed in all rooms due to its luminous efficacy. It is interesting that the glazing types of twelve windows obtained from GA are not identical. Surprisingly, three double low-e glazings are included in Case #2 (Table 7). To verify this, the authors performed additional simulation runs, which will be described below.



To test the optimization result of Case #2 (Table 7), the authors conducted three additional simulation runs by changing insulation thicknesses and glazing types as follows:

	
Case #2-1: minimum insulation thickness is applied to building envelopes (70 mm for walls in B1, 1F & 2F, 135 mm for roof). All other design variables are identical to those of Case #2.



	
Case #2-2: maximum insulation thickness is applied to building envelopes (350 mm for walls in B1, 1F & 2F, 400 mm for roof). All other design variables are identical to those of Case #2.



	
Case #2-3: triple low-e glazing is applied to all twelve windows. Please note that in Case #2, double low-e glazing was applied to three windows (Table 7). All other design variables are identical to those of Case #2.








In Case #2-1 (minimum insulation), heating energy was increased by 490% and cooling energy was decreased by 6%, compared to Case #2. This might be caused by the far less insulation that was applied to Case #2 (Table 8).



Table 8. Annual heating and cooling energy by changing the insulation thicknesses and glazing types of Case #2.







	

	
Heating (kWh)

	
Cooling (kWh)

	
Total (kWh)






	
Case #2

	
471 (100%)

	
7375 (100%)

	
7847 (100%)




	
Case #2-1

	
2306 (490%)

	
6902 (94%)

	
9208 (123%)




	
Case #2-2

	
601 (128%)

	
7468 (101%)

	
8069 (108%)




	
Case #2-3

	
578 (123%)

	
7357 (99.76%)

	
7935 (101%)








The numbers in parenthesis refer to a relative percentage compared to Case #2.








In Case #2-2 (maximum insulation), both heating and cooling energy were increased by 28% and 1%, respectively, as compared to Case #2. It can be inferred that, in heating mode, the amount of solar radiation to be transferred into indoor space would be reduced, due to thick insulation. Vice versa, the heat generated from lights, people, and equipment can’t be released to the outside due to thick insulation in cooling mode. In other words, maximum insulation is not always advantageous, and the optimal insulation thickness must be decided with the consideration of a building’s dynamic thermal characteristics. However, it is difficult to find such optimal insulation thickness of the building envelopes with the heuristic approach, as can be inferred from Table 7 and Table 8.



In Case #2-3, heating energy was increased by 23% and cooling energy was decreased by 0.24%, and total energy (heating + cooling) was increased by 1%, as compared to Case #2. The increase of heating energy might be caused by the difference in g-values between double low-e (g = 0.571) vs. triple low-e glazing (g = 0.433) (Table 4). Triple low-e glazing allows far less penetrated solar radiation into the indoor space than double low-e, leading to the increase of heating energy, as well as the decrease of cooling energy (Table 8).



As observed from Cases #2, #2-1, #2-2, and #2-3, it is difficult to appropriately select optimal building envelopes with the heuristic approach. In contrast, the optimization achieved from the meta-heuristic approach of Case #2 shows the strength of GA.




5.2. Case #3 Meta-Heuristic Approach by Genetic Algorithm (GA) Applied to a Less Constrained Search Space


Table 9 shows the comparison between Case #2 and Case #3. If we optimized the window–wall ratio, annual heating and cooling energy could be reduced up to 91%.



Table 9. Comparison between Case #2 and Case #3.







	

	
Heating (kWh)

	
Cooling (kWh)

	
Total (kWh)






	
Case #2

	
471 (100%)

	
7375 (100%)

	
7847 (100%)




	
Case #3

	
419 (89%)

	
6723 (92%)

	
7142 (91%)








The numbers in parentheses refer to a relative percentage compared to Case #2.








It is noteworthy that each window determined by the meta-heuristic approach has different blinds, different glazing types, and different WWRs (Table 10). There is a significant decline in each window’s WWR, and it can be inferred that the difference in energy use between Case #2 and Case #3 might be mostly caused by the reduced WWR. The window’s WWRs of Case #3 might not be realistic, and further design confirmation by the stakeholders might be required.



Table 10. Comparison of optimized design variables for Cases 2 and 3.







	
Design Variables

	
Case #2

	
Case #3






	
Insulation thickness (mm)

	
Walls in B1

	
130 mm

	
100 mm




	
Walls in 1F

	
310 mm

	
330 mm




	
Walls in 2F

	
230 mm

	
320 mm




	
Roof

	
385 mm

	
350 mm




	
Location of Blinds

	
1

	
All external blinds

	
External blinds




	
2

	
blinds not installed




	
3

	
blinds not installed




	
4

	
External blinds




	
5

	
blinds not installed




	
6

	
External blinds




	
7

	
External blinds




	
8

	
External blinds




	
9

	
External blinds




	
10

	
External blinds




	
11

	
External blinds




	
12

	
External blinds




	
LED lights

	

	
Installed in all rooms

	
Installed in all rooms




	
Type of Glazing

	
1

	
Double low-e

	
Triple low-e




	
2

	
Triple low-e

	
Double clear




	
3

	
Triple low-e

	
Double clear




	
4

	
Triple low-e

	
Triple low-e




	
5

	
Triple low-e

	
Triple low-e




	
6

	
Double low-e

	
Double low-e




	
7

	
Triple low-e

	
Triple low-e




	
8

	
Triple low-e

	
Double low-e




	
9

	
Double low-e

	
Triple low-e




	
10

	
Triple low-e

	
Double clear




	
11

	
Triple low-e

	
Double low-e




	
12

	
Triple low-e

	
Triple low-e




	
Window-Wall Ratio (WWR) and window area

	

	
WWR

	
Area (m2)

	
WWR

	
Area (m2)




	
1

	
11%

	
1.90

	
1%

	
0.17




	
2

	
36%

	
1.90

	
1%

	
0.05




	
3

	
38%

	
5.40

	
3%

	
0.41




	
4

	
77%

	
7.52

	
17%

	
1.63




	
5

	
34%

	
4.32

	
1%

	
0.10




	
6

	
33%

	
2.26

	
10%

	
0.63




	
7

	
15%

	
3.66

	
8%

	
1.90




	
8

	
20%

	
1.91

	
2%

	
0.19




	
9

	
24%

	
3.83

	
1%

	
0.14




	
10

	
12%

	
1.68

	
1%

	
0.13




	
11

	
17%

	
1.12

	
2%

	
0.12




	
12

	
14%

	
1.20

	
10%

	
0.84










Case #3 is more diverse in terms of location of blinds, glazing types, and WWR, than Case #2. It is difficult to reverse-engineer the optimized result with regard to Case #2 and Case #3 (Table 10). It can be inferred that GA could find optimal design variables by its own evolutionary algorithm, indicating the pros and the strength of the meta-heuristic optimization, compared to heuristic decision-making based on expertise and intuition of experts.



To test the optimization result of Case #3, the authors conducted two additional simulation runs, as follows:

	
Case #3-1: all blinds are located externally. All other design variables are identical to those of Case #3



	
Case #3-2: triple low-e glazing is applied to 12 windows. All other design variables are identical to those of Case #3








The results are shown in Table 11. In Case #3-1, heating energy was increased. It might be due to the external blinds, which can block solar radiation flowing into the building. Vice versa, there was a reduction in cooling energy, since it can effectively keep solar radiation from entering the building. In total, there was a total energy reduction of 0.1%, equivalent to 7 kWh, compared to Case #3 (Table 11).



Table 11. Annual heating and cooling energy by blinds and glazing types of Case #3.







	

	
Heating (kWh)

	
Cooling (kWh)

	
Total (kWh)






	
Case #3

	
419 (100%)

	
6723 (100%)

	
7142 (100%)




	
Case #3-1

	
478 (114%)

	
6658 (99%)

	
7135 (99.9%)




	
Case #3-2

	
492 (117%)

	
6691 (99.5%)

	
7183 (100.6%)








The numbers in parentheses refer to a relative percentage compared to Case #3.








Thus, it can be said that Case #3 is a local optima. In general, GA is good enough to locate the global optima, or a local optima close to the global optima, even if the size of a solution space (the number of design alternatives) is very large [24]. GA usually converges toward a global optimal solution, but may fail to find the exact global optimal solution [1,25]. In Case #3-2, the increase of heating energy and the decrease of cooling energy are due to the fact that triple low-e glazing reduces solar radiation flowing into the rooms, as compared to Case #3 (Table 10).





6. Conclusions


In this paper, the authors compared three optimization cases of an office building. The original design was updated with the three optimal design approaches: heuristic (Case #1), meta-heuristic by GA in the constrained search space (Case #2), and meta-heuristic by GA in the less constrained search space (Case #3).



The integration of GA to EnergyPlus was realized on MATLAB platform. M-script files, written by the authors, could iteratively generate EnergyPlus input files, conduct EnergyPlus simulation, and analyze EnergyPlus output files in the GA process.



Since the optimization approaches were adopted at the end of the design development stage, a limited list of design variables were given (Table 2). However, 24% and 33% of the total energy of the original design can be saved by the heuristic (Case #1) and the meta-heuristic approaches (Case #2), respectively (Table 6). In the heuristic approach, construction cost with the LED lights was regarded to be too high, and accordingly it was determined that the LED lights should be installed in two rooms only.



It was found and tested that the meta-heuristic approach is far superior to the heuristic approach in searching for an optimal design (Table 7, Table 8, Table 9, Table 10 and Table 11). For instance, the meta-heuristic approach suggests that the insulation thickness of walls on each floor should be different (Table 7). The insulation thickness of walls and roof is neither the minimum nor the maximum value of the design variable. It is difficult to reverse-engineer why such values of the insulation thickness could enable the building to be more energy-efficient. It is the same with the glazing types and location of blinds (Table 10).



It is generally true that GA is superior to the heuristic approach, not only due to the difference in computational capability between the human brain and machine computing, but also due to the characteristics of human brain activity. Heuristics with anchoring and adjustment are adopted in many situations where people estimate a solution [26]. It involves starting from a readily available estimate (anchor) [27], and shifting either up or down to reach an answer that seems plausible [26]. In this estimation process, people tend to shift not so far enough away from the anchor [27,28]. Hence, the anchor contaminates the estimate, even if the anchor is clearly irrelevant. Even when the anchor is obviously extreme or random, it can still contaminate estimates [29]. These kinds of heuristics (anchoring and adjustment) were observed in the optimization process of Case #1. The insulation thicknesses of building envelopes in Case #1, determined by experts, are not far from those of the original design (Case #0). The experts considered a variety of insulation thicknesses, but most of the design alternatives are not very different from Case #0. Consequently, the insulation thicknesses of building envelopes in Case #1 are determined to be the same as those of Case #0. In other words, the heuristic approach is limited by the aforementioned anchoring and adjustment, while GA can search a wider solution space.



Case #3 was achieved from the less constrained search space, and it could save 9% of the total energy of Case #2 (Table 9). Not limited to the change in WWR, other changes were also made to the location of blinds and types of glazing of 12 windows (Table 10). Again, as shown in Table 10, it seems difficult to achieve the optimal design result (Case #3) with educated guesses, prior knowledge, intuition, etc. In addition, it can be inferred that more energy savings could be realized if the optimization approach is adopted at the earlier stage of the building design.



Please note that this study follows a deterministic mono-objective optimal design approach. If uncertainties are taken into account, e.g. heating and cooling setpoint temperatures, infiltration, and occupant behavior with regard to lights and blinds, an optimal design will be determined based on minimizing the degree of risk [16,30].
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