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ABSTRACT
Building envelope optimization always occupies an important place in sustainable
building design. This paper selects a large-scale space as research object, which
requires more complex and flexible fenestration system. On the premise of complying
with some rules, the fenestration is easily managed by adjusting the number and
position of small rectangular patches on the grid-based exposed surfaces. The
co-simulation of EnergyPlus and Daysim and the evolutionary algorithm named
SPEA2 are combined on the Grasshopper platform, aiming to find the optimal
trade-offs between minimizing total energy consumption and envelope capital cost
and maximizing UDI100-2000. A three-dimensional Pareto front is obtained, and its
quality including convergence, spread and uniformity are qualitatively and
quantitatively evaluated. This platform is proved to be an effective tool at the initial
stage of design for sustainable building.
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INTRODUCTION
Building envelope includes opaque and transparent sections, which have great
influence on energy consumption, daylight condition, thermal comfort and thus play a
key role in building performance optimization. However, in previous studies,
envelope optimization always excessively emphasis on the physical properties of
materials and constructions, especially for the glazing section, which is ignored the
artistry and creativity of architectural skin. Therefore, with the aid of optimization
algorithm, this paper attempts to make a detailed optimization of fenestration design
together with other physical properties, to improve multiple building performances at
the same time. A platform based on grasshopper is applied to control detailed
geometric parameters and physical properties of envelope components, and realize the
combination of co-simulation and multi-objective evolutionary algorithms. A case of
the large-scale space is tested, which proves this platform is an effective tool at the
initial stage of design for sustainable building.
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Figure 1. Simulation-based optimization workflow on the grasshopper platform
RESEARCH METHOD
To make fenestration solutions more diverse and flexible, the parametric modeling
tools, Rhino and Grasshopper, are selected to conveniently control a number of
geometry variables. Considering the accuracy of calculation results, EnergyPlus and
Daysim are integrated on the grasshopper platform to realize the real co-simulation
through Ladybug and Honeybee components. And a new version of the strength
pareto evolutionary algorithm, SPEA2 (Zitzler et al. 2001), is incorporated in the
workflow (Figure 1) by Octopus component, aiming to find the optimal trade-offs
among multiple objectives.
CASE STUDY
A line-side railway station located in northern China is taken for example. On one
hand, as public space, it always has an attractive façade, and needs a complex daylight
system to introduce adequate daylight in depth direction. On the other hand, for
large-scale space, heat entering in or escaping from room are aggravated and thus
large amounts of energy are consumed due to the increase of exposed envelop area.
So the meaning and potential of optimization for large-scale space are more obvious.
1. Building modeling
Since the Beijing-Guangzhou line is north-south oriented, the main façade of station
is towards east and railway is on the west side. As the waiting hall is the main
functional zone, its exterior facades and roof both need to be added a certain area of
openings to introduce broad vision and adequate daylight in the daytime. This hall has
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a total area of 11520 m2, with a height of 20m. The main waiting area on the first floor
accounts for 80% of total area, and the second floors on north and south sides are
business and dining area. Besides, there are also some relative small regions on both
ends of the hall, such as exit channel, ticket hall and offices, which are not considered
in this optimization. The parameters of construction for energy simulation and the
indoor materials for daylight simulation are shown in Table 1 and 2 respectively.
Table 1. Specifications of construction for energy simulation
Items
Specifications(outside to inside)
Expanded rubber/Cement mortar/Concrete
Exterior wall
block/Lime mortar/Steel plate
Waferboard/ Cement mortar/ Expanded
Roof
rubber/ Cement perlite/ Metal-concrete roof
board
Marble slab/ Cement mortar/ Waferboard/
Floor
Cement mortar /Concrete cushion/ Plain fill

Conductivity W/m2K
0.31
0.31
0.63

Table 2. Parameters of indoor materials for daylight simulation
East/
west North/south
Ceiling
Parameters
wall
(steel wall and floor (aluminium
plate)
(marble tiles)
grille)
Visible reflectivity
0.73
0.35
0.31
Visible transmission -

Window
0.64

2. Variables
There are 57 design variables in this optimization, which is composed of 53
fenestration geometric variables and 4 material variables. The description and range
of latter one can be found in Table 3.
Table 3. Description and range of other design variables
Variable
Abbreviation
Unit
d
mm
Wall insulation thickness
f
dr
mm
Roof insulation thickness
gf
—
Façade glazing
gr
—
Skylight glazing

Distribution
continuous
continuous
discrete
discrete

Range
[20,90]
[20,160]
1,2,…,10
1,2,…,8

To guarantee the requirement of broad vision and facilitate access to the hall, along
the east and west façade, there are two glazing areas from the bottom to the height of
3m at least. Based on considering the size of solution space and computational
capability, the rest exposed surfaces are divided into a number of 6m×2m (facade)
and 6m×3m (roof) rectangular patches, which can constitute a number of fenestration
cases by adhering to their respective rules (Figure 2):
(1) Window: the main facade is divided into 7 opaque ribbons along the vertical
direction and allows two pieces of rectangular glazing on each ribbon. The position of
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one glazing is controlled by the coordinates of two points (Pf1, Pf2) which can be
chosen from the grid intersection points on the both boundary line of every ribbon.
Particularly worth mentioning is the width (yg), depending on the opaque section (yo)
which is always regarded as the partition of curtain wall and can also easily control
glazing area.
(2) Skylight: as it is an auxiliary lighting system and weakens thermal performance of
entire roof, the decentralized distribution of glazing is more reasonable than the
traverse form of façade fenestration. The roof surface is divided into 15 sections (by
solid lines). The sizes of skylights are same, which depend on the coordinates of two
points in one section. 0 and 1 are used to decide whether this section has a skylight.
So the position variables of skylight can be described by a matric:

0 ,1  ... 0 ,1  


0 ,1  ... 0 ,1  


0 ,1  ... 0 ,1  

(1)
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Figure 2. The geometry variables of glazing on grid-based surfaces
3. Objectives
Three objective functions are simultaneously optimized: the minimization of total
energy consumption (f energy(X)) and envelope capital cost (f cost(X)), and the
maximization of useful daylight illuminance (f UDI100-2000 (X)). The total energy
consumption can reflect the synthetical performance of other energy metrics, and thus
have the most direct practical significance. Although cost is not related to building
performance directly, it plays a decisive role in every stage of building design. Both
the glazing area and material type affect the envelope capital cost, which can be
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calculated by the equation (2). As for daylight condition, UDI100-2000 reflects the real
useful and acceptable section of daylight illuminance. When UDI100-2000 has a large
value, to some extent, the risk of visual discomfort relatively reduce. As Octopus can
only solve the minimization problem, so the values of UDI100-2000 need to
be multiplied by -1.
f cos t  X   Pw  aw  Pg  ag  Pr  ar  Ps  as

(2)

where Pw, Pg, Pr, Ps are the unit cost of wall, façade glazing, roof and skylight, and aw,
ag, ar, as represent the corresponding area of those four sections.
4. Settings of optimization algorithm and simulation
Employing elitism to save the promising solutions at each generation can solve the
problem of losing good solutions during the optimization process due to random
effects. The capacity is often set as 0.5~1 times of population. Mutation and crossover
are the most important operations in the searching process, which determine the
convergence of objectives and diversity of solutions. Considering various factors, the
parameters of optimization algorithm are set as Table 4 shows.
Table 4. Settings of optimization algorithm
Elitism
Mut.
Mutation
Crossover
Probability Rate
Rate
0.75
0.1
0.4
0.9

Population
Size
50

Max
Generation
30

Ideal loads air system in EnergyPlus is selected as the HVAC system. Internal gains
(people, lighting, infiltration, etc.) and heating/cooling setpoints are complying with
the requirements of relevant specification, and other HVAC parameters are also set as
empirical values. The building is open from 6:00 a.m. to 10:00 p.m. throughout the
year. The lighting schedules are from daylight simulation results by Daysim. As the
public space with less requirement of daylight quantity, the illuminance setpoint is
300 lx. As for UDI100-2000, it is obtained by averaging the results of each small region
in the 4m×4m grid with 0.6m height.
RESULTS ANALYSIS
The generated Pareto front (Figure 3) presents a set of non-dominated solutions of
envelope which guarantee the optimal trade-offs among three objectives. Every
two-dimension orthogonal view is also shown clearly. Opaque red cubes (dark)
indicate the non-dominated Pareto front, and transparent red cubes (light) are
dominated solutions still belonging to the Elite. Transparent yellow cubes are elite
solutions from previous generations, the more transparent the older. The front mesh in
the last graph is generated by joining most Pareto solutions. It can be seen that the
complexity of three-objective optimization is much higher than two-objective one.
There is obviously a front curve in every two-dimensional graph except the one with f
energy
(X) and f UDI100-2000 (X). And in this graph, the solution points are very scattered,
which may be caused by the loose correlation between both objectives. Besides, it is
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noteworthy that the distribution of optimal solutions is not uniform as expected. One
possible reason is that the objective values are not evenly distributed. This is related
to the nature of variables, which are actually discrete and correlated.

Figure 3. The Pareto front, Elite and Dominated solutions of optimization until the
last generation (some solutions out of maximum axis values are discarded)
In terms of the quality of solution set, there are three aspects: convergence, spread and
uniformity. The first three graphs in Figure 4 have two boundaries in each one, which
are drawn according to the maximum and minimum values of objectives in every
generation. The tendency of convergence can be seen from the gradually reducing
difference between them, and the most contribution is always derived from the
decreasing maximum values.
Actually, spread and uniformity both belong to the diversity assessment, which can be
revealed in the box plot graphs of Pareto solutions through 30 generations (Figure 5).
It can be seen that the difference between extreme values tends to be bigger and
bigger, which indicates the Pareto solutions distribute in larger and larger scope.
However, the uniformity of Pareto set is not good as expected, which can get some
hints from the size and position of every box. No matter for which objective, the
values have concentrated distribution and obvious tendency to the beneficial direction.
As mentioned above, the non-uniformity may be related to the definitions of
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Figure 4. The Hypervolume values and convergence graphs of three objectives
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Figure 5. The box plot of the Pareto solutions’ objectives through 30 generations
Besides, a comprehensive assessment metric, Hypervolume, is a widely used one to
quantificationally evaluate three aspects of the solution set. The bigger it is, the better
the quality of solution set is. The last graph in Figure 4 gives the evolution process of
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this metric, and the Hypervolume keeps steady around 0.75 after half of the
generations.

Figure 6. The evolution of optimal solutions every 10 generation
Some optimal solutions of Pareto front in every 10 generation (Figure 6) intuitively
show the evolution processing of optimization. Obviously, the difference among
Pareto solutions are kept throughout the whole process, and the diversity gives more
freedom and flexibility for design.
CONCLUSION
This paper proposes an approach for envelope optimization in terms of three
objectives involving total energy consumption, envelope capital cost and UDI100-2000.
The generation and control of geometric variables, co-simulation of EnergyPlus and
Daysim and optimization process are all achieved in the Grasshopper platform. The
quality of Pareto set is evaluated from three aspects: convergence, spread and
uniformity. Besides, some issues still need to be deeply discussed, including the
unevenly distribution of optimal objectives and quantitative assessment of the quality
of every aspect.
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