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Abstract: Building skin can provide comprehensive functions of energy production, daylighting, and
shading with an integrated transmissive solar-concentrating panel. In this study, Rhino Grasshopper
parametric modeling, Ladybug tool performance simulation, and Octopus multiobjective optimiza-
tion platforms are used to carry out experimental research. This study establishes the optimal
relationship between the conflicting objectives of light environment creation and energy production
efficiency of solar-concentrating skin by controlling three variables, namely the size of the solar-
concentrating module, the rotation angle, and the number of modules, aiming to design the optimal
solution and build a multiobjective optimization technology framework for the solar-concentrating
skin of an office space. A comparison and analysis of the scenarios indicate a dynamic concen-
trating skin that can effectively reduce the daylight glare probability (DGP) by 70% and increase
the useful daylight illuminance (UDI) by 10%, while achieving energy production. The correlation
between the variables and the performance indices of the solar-concentrating skin was obtained as
angle > width > length > amount, and the optimal design interval for each parameter variable. This
study reveals the laws of how parameter changes affect individual indicators, which can provide
ideas for the design of dynamic concentrating skins and building integration, methods for improving
the balanced design of indoor light environments and building capacity, and a technical framework
for multiobjective optimization processes.

Keywords: dynamic solar-concentrating skin; indoor light environment; performance optimization;
energy efficiency; daylighting quality; Pareto optimal

1. Introduction

According to the Global Building Construction Status Report 2021, the construction
field accounted for 37% of energy-related CO2 emissions in 2020 [1]. In the context of global
advocacy for reducing carbon emissions, the construction field needs to change existing
building energy efficiency policy standards and realize better energy-saving technologies to
achieve a real transformation of the construction industry in order to cope with increasing
carbon emissions. Using renewable energy to develop energy-efficient buildings to reduce
energy consumption and carbon emissions is an important way to reduce carbon emissions
and achieve green and sustainable development.

Building-integrated photovoltaics (BIPV) are widely used in this context and serve the
purpose of saving energy and reducing carbon emissions. However, their traditional single
form, integrated location, and uniform specifications limit the expression of the building
facade form; this form is more monotonous after being integrated with the facade of the
building, leading to its low application and acceptance [2]. Compared to integration on
the roof of the building and integration of PV modules into the building curtain walls,
windows, and other transparent parts, opaque modules will have an impact on the natural
lighting of the building, resulting in problems such as insufficient illumination at the
location of a large internal depth of the building, poor lighting uniformity, and annual
daylight illumination in the effective range of the working time period, which does not meet
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the requirements. The semitransparent form of photovoltaic modules integrated with the
building, to a certain extent, takes into account the natural lighting of the building, as well
as the indoor light environment and photovoltaic conversion efficiency [3,4]. These lighting
problems can lead to poor indoor light environment comfort, increased dependence on
artificial lighting, and increased energy consumption [5]. Related studies have found that
lighting energy consumption in office buildings accounts for 20–40% of the total building
energy consumption [6].

With the continuous development of photovoltaic technology, the integration of
building-integrated concentrating photovoltaic (BICPV) modules in buildings will bring
about changes in the building skin form, indoor natural light environment, and building
energy systems. The solar-concentrating module only absorbs direct light for energy pro-
duction during operation, and the scattered light can enter the room for lighting through
the solar-concentrating module [7], which realizes the cascading utilization of natural light,
reduces the indoor light environment problems caused by excessive direct light, and creates
a good indoor light environment [8,9]. Compared to BIPV, BICPV has a higher energy
yield efficiency [10,11], which enables dynamic shading when tracking light production
capacity and improves users’ perception of indoor environmental changes. A research team
at the Rensselaer Polytechnic Institute designed and implemented a BICPV façade system,
which also demonstrated that BICPV can collect solar energy to produce energy while
still providing indoor diffuse daylight and outdoor view to users, as well as significantly
improve indoor glare and enhance user perception [12,13].

The relationship between BICPV and building skin morphology, natural lighting, and
energy production has contributed to the beginning of continuous research on BICPV by
domestic and international scholars. Chemisana [14] and Maghrabie et al. [15] investigated
the suitability of a BICPV integrated design. Parupudi et al. [16] studied building-integrated
low-frequency concentrated solar energy utilization and optimized the design of the geom-
etry of the solar-concentrating unit. Baig et al. [17] and Zhu et al. [7] quantified the optical
performance of the system under different conditions by designing a novel BICPV system.
Hong et al. [18] proposed a new transmissive solar-concentrating system for glass curtain
wall integration.

Xuan et al. [19,20] designed asymmetric concentrated photovoltaic windows suitable
for building south walls, and new BICPV windows. Zhang et al. [21] designed a low-
frequency transmissive solar-concentrating module for light window integration, and all
proved through simulation and experimental studies that the integration of the novel con-
centrating system on the building can comfortably meet the indoor lighting requirements
of the building.

Most of the domestic and international studies are biased toward the module de-
sign [12,13,16], integration design [14,15], optical transmission characteristics [7,17], and
the impact on the indoor light environment [18,21] of the solar-concentrating system; how-
ever, there are few comprehensive studies on the energy output, indoor light environment,
indoor and outdoor views, and other demanded objectives after the integration of the
solar-concentrating module with the building, mostly using experimental and simulation
types of research methods.

If BICPV is to be better integrated with buildings, a balanced relationship between
requirements and design needs to be considered, and traditional experimental research
methods are unable to consider several objectives simultaneously and achieve design
optimization. Parametric design and multiobjective optimization methods can achieve
energy and environmental objectives for several building solutions, perform comparative
analysis, and optimize the design to predict the best solution [22–26].

Solar-concentrating photovoltaic modules have the advantages of high efficiency and
improved indoor light environment. After integration with the building, it is possible to
meet the energy output while achieving a balanced design of multiple demand goals, such
as indoor light environment and energy efficiency, by changing various parameters, such
as the size of the concentrating modules, the form of integration with the building, and
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the regulation method, which not only meets the requirements of developing low-carbon
sustainable buildings but also creates a comfortable office environment and beautiful
building for workers.

In this study, based on the preliminary design of the integration of the solar-concentrating
skin and the building, we use parametric and multiobjective optimization methods to
construct and test the performance and design the scheme of the space composed of the
solar-concentrating skin. The following issues are explored:

1. The equilibrium relationship between the indoor light environment and the energy
output of the solar-concentrating skin under different states of dynamic concentrating
skin, trying to solve the optimal integration problem of dynamic concentrating skin
and building integration, providing different design solutions for integration and
reducing energy consumption and carbon emissions.

2. The intrinsic connection between the design parameters and the performance opti-
mization target determines how the design parameters affect the performance op-
timization target, optimization range, and weight size of the design parameters by
analyzing the relationship between the parameters and the performance.

3. Through the optimal design of a dynamic concentrating epidermis, we attempt to
construct a multiobjective optimization technology framework applicable to dynamic
skin using the design–simulation–analysis method to solve the single-threaded opti-
mization design.

2. Methodology
2.1. Optimize Platforms and Processes

This section explains the design decision process for the optimization and the re-
quired optimization platform. This research relies on the Ladybug toolkit under the Rhino
Grasshopper parametric modeling platform and the Octopus multiobjective optimization
platform to optimize the design of multiple objectives. The Ladybug toolkit already has
a built-in kernel of existing and proven simulation tools [27,28]. Octopus is a multiobjective
solution platform that is stable, interactive, and efficiently visualized; it combines the
Pareto optimal principle and genetic algorithms to generate a custom number search for
solution generation, offering a wide range of possibilities for designers to choose from
for multiobjective problems [29]. The Octopus platform can be used to search for optimal
design solutions by controlling multiple metrics and is suitable for multiobjective studies
on the indoor light environment and energy efficiency of the solar dynamic concentrating
skins [30–35].

The solar dynamic concentrating skin multiobjective optimization process and the
required tools are shown in Figure 1, including three stages. The first stage was the construc-
tion of the solar dynamic concentrating skin, including the design of the solar-concentrating
module, the design of the solar dynamic concentrating skin, and the construction of the
parametric information model in three parts. The design of the solar-concentrating module
and solar-concentrating skin was determined based on integration with the building. The
purpose of the construction of the parametric information model is to determine the design
parameters and assign them to the study object. The design parameters determine the
performance size when the performance simulation is performed. The second stage is the
mapping of environmental information to model information and the establishment of
optimization functions for the simulation of the light environment and capacity efficiency.
This includes the determination of the evaluation objective function, calculation of the light
transmission equivalence of the solar-concentrating module, and assignment of weather
files and materials. The purpose of determining the evaluation function is to quantitatively
and objectively evaluate the variability of the optimized performance. Weather files and
material properties significantly influence the distribution of light. The transmittance calcu-
lation of the solar-concentrating module is primarily used to solve the construction problem
of the Fresnel material. The third stage uses data analysis software to study the influence of
design parameters on performance, and finally provides different optimization solutions.



Buildings 2022, 12, 2026 4 of 22

Buildings 2022, 11, x FOR PEER REVIEW 4 of 23 
 

light. The transmittance calculation of the solar-concentrating module is primarily used 
to solve the construction problem of the Fresnel material. The third stage uses data anal-
ysis software to study the influence of design parameters on performance, and finally pro-
vides different optimization solutions. 

 
Figure 1. Research workflow. 

2.2. System Description 
2.2.1. Design of BICPV 

The linear transmittance solar-concentrating module designed in this study is based 
on the theory of Fresnel concentrating, which concentrates direct light and transmits scat-
tered light. Considering the scale, form, and characteristics of the selected light concen-
trating technology, combined with the parts integrated with the building, through re-
peated modifications and optimization of the solar-concentrating module, the final design 
of the solar-concentrating module for a general building window composition is shown 
in Figure 2. 

 
Figure 2. Design of the to-be-integrated concentrating module. 

The designed solar-concentrating modules are arranged in an orderly manner, inte-
grated with the building, and made to track the position of the sun in the working state 
by sensors to form a solar dynamic concentrating skin. To ensure the stability and 

Figure 1. Research workflow.

2.2. System Description
2.2.1. Design of BICPV

The linear transmittance solar-concentrating module designed in this study is based on
the theory of Fresnel concentrating, which concentrates direct light and transmits scattered
light. Considering the scale, form, and characteristics of the selected light concentrat-
ing technology, combined with the parts integrated with the building, through repeated
modifications and optimization of the solar-concentrating module, the final design of
the solar-concentrating module for a general building window composition is shown in
Figure 2.
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Figure 2. Design of the to-be-integrated concentrating module.

The designed solar-concentrating modules are arranged in an orderly manner, inte-
grated with the building, and made to track the position of the sun in the working state by
sensors to form a solar dynamic concentrating skin. To ensure the stability and durability
of the solar-concentrating skin, the solar dynamic concentrating skin was placed between
the double glazing, as shown in Figure 3.
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Figure 3. Dynamic concentrating skin integration system.

To study the effect of the change process of the solar dynamic concentrating skin
on indoor light environment and energy efficiency, the standard office space in Xuzhou
City, Jiangsu Province (lat: 34.28, lon: 117.15) was selected as the simulation object of light
environment and energy efficiency in this study. This office space has a single, south-facing,
plain, and fixed window with integrated solar dynamic concentrating skin at the window.
The solar-concentrating skin is located between the double glazing; the thickness of the
double glazing is 6.0 mm and the spacing is 300 mm. The depth of the office space is 6.0 m,
the opening is 3.3 m, and the net height is 3.6 m. The building window faces south, the
window height is 3.0 m, the window width is 3.0 m, and the distances between the edge of
the window and the upper, lower, left, and right sides of the south-facing wall are 0.20 m,
0.40 m, 0.15 m, and 0.15 m, respectively. An office space with integrated solar-concentrating
skin is illustrated in Figure 4.
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2.2.2. Constructing Parametric Information Models

(1) Determining design parameters

Compared with office spaces with or without shading measures, the shading form,
location, and size of the area have a direct impact on the indoor light environment. In
this study, the solar-concentrating skin built between the double glazing exhibited shad-
ing and concentrating effects on the indoor light environment, similar to a shading ele-
ment. Therefore, the size of the solar-concentrating module, size of the solar-concentrating
skin composed of multiple solar-concentrating modules, and rotation angle of the solar-
concentrating skin in the process of tracking the sun will change the distribution of light
and affect the creation of an indoor light environment in an office space. The size, num-
ber, and angle of the solar-concentrating modules also affected the capacity efficiency
of the solar-concentrating skin without considering the self-shading case. In summary,
three factors, namely the size of the solar-concentrating module, number of arrays of the
solar-concentrating module, and rotation angle of the solar-concentrating module, were
considered as the design parameters for multiobjective optimization in this study.

(2) Constructing parametric models

To consider computer performance, a parametric model of the motion and support
structure that has no effect on the software simulation, the solar sensor that can be achieved
through software settings, and the solar-concentrating cell that can be achieved by indirect
calculation is simplified for modeling, and double glazing—which has a large impact
on light—can be parametrically constructed. The linear Fresnel lens solar-concentrating
module, which has a direct impact on the concentration and scattering of light, needs to be
equated for its modeling and will be highlighted below.

First, the office space was parametrically modeled, and the length, width, and height
were input to obtain the office space shape. Then the “list item” operator in Grasshopper
was used to extract the south-facing wall of the building, and the four sides of the south-
facing wall were offset 0.20 m, 0.40 m, 0.15 m, and 0.15 m, respectively, from the upper,
lower, left, and right side of the wall as the protective structure of the window, and the
middle part was used as the scope of the solar-concentrating skin. The “list item” operator
was used to extract the top and bottom edges of the south-facing face of the original form,
and its spacing was used as the maximum capacity spacing of the concentrating module.
The “tween curve” operator was used to equidistantly separate the top and bottom lines
according to the width of the spotting module to obtain the location of the plane where
the spotting module is located. Then, the “rectangle” operator was used to draw the cross-
section of the solar-concentrating module in the vertical plane of the split line, and “sweep
1” operator was used to draw the solar-concentrating module according to the length
parameter. The centerline of the length of the solar-concentrating module is extracted as
the rotation axis of the solar-concentrating module to track the rotation of the sun position.

The ratio of the maximum spacing to the width of the solar-concentrating module
was used as the number parameter in the design (number of equally spaced dividers). The
lengths of the two lines above and below are used as the length parameters of the solar-
concentrating module, and the width parameter is closely related to the number parameter.
The maximum number of solar-concentrating modules is 17. The distance between the
two modules is 2.75 mm, the width is 160 mm, and the length is 3000 mm. Considering
the large number of orthogonal matrices and subdivisions of design parameters that affect
the calculation time, all design parameters were explored in their decreasing form in this
study. The number of solar-concentrating modules was chosen to be decreasing in a single
quantity, while the width and length of window modules were chosen to be decreasing
by 10 mm and 100 mm, respectively. The angle was rotated to simulate the weather and
climate file of the area where the object was located and selected according to the actual
simulation time period and sun position. The specific settings of the design parameters are
listed in Table 1, and the model was constructed, as shown in Figure 5.
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Table 1. Setting of each design parameter of the spotlight module.

Solar-Concentrating Module
Design Parameters Calculation Range Parametric Design Basis Corresponding Slide

Bar Parameters

Size of the
solar-

concentrating
module

Reduced length of the
solar-concentrating

module (m)

0.4 (2.6), 0.3 (2.7), 0.2 (2.8),
0.1 (2.9), 0(3)

The calculation range is determined by the
maximum length of the window length 4, 3, 2, 1, 0

Reduced width of the
solar-concentrating

module (m)

0.1, 0.11, 0.12, 0.13, 0.14,
0.15, 0.16

The calculation range is determined by the
maximum width of the module when the

window height accommodates the
maximum number of modules

0, 1, 2, 3, 4, 5, 6

Quantity of solar-concentrating modules
(number) 11, 12, 13, 14, 15, 16, 17

The calculation range is determined by the
maximum amount calculated from the

window height
0, 1, 2, 3, 4, 5, 6

Rotation angle of the solar-concentrating
module (◦)

24, 35, 45, 53, 56, 53, 46, 36,
25, 13

The calculation range is determined by the
calculation time period and the direction of

solar radiation
0, 1, 2, 3, 4, 5, 6, 7, 8, 9
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2.3. Constructing Evaluation Functions
2.3.1. Determine Optimization Objectives

Before proceeding with the energy model construction, the performance optimization
objectives under the design parameters must be determined to purposefully transform the
base model into a performance model. The most important feature of solar-concentrated
skins over ordinary skins is that they can generate energy and change the light in the room
while shading for indoor light environment problems, such as glare near the window, in-
sufficient illumination deep in the room, and insufficient natural light in the effective range
during working hours. Combining regulatory standards, light environment evaluation
metrics, and metrics suitable for evaluating dynamic skin lighting performance [36–39],
daylight glare probability (DGP) and useful daylight illuminance (UDI) are selected as
the indoor light environment optimization objectives. The capacity efficiency of the solar-
concentrating skin was used as the third optimization objective. The optimization target
selection and criteria are listed in Table 2.
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Table 2. Performance optimization target selection and criteria.

Optimization Goals Definition Description Suitable Range Evaluation Criteria

Daylight glare probability
(DGP)

Refers to the glare indicator used to
describe the probability of uncomfortable

glare in the room, and is based on DGI,
CGI indicator updated (2006) [38]

DGP < 0.35

DGP < 0.35: imperceptible glare;
0.35 ≤ DGP < 0.40: perceptible glare;
0.40 ≤ DGP < 0.45: disturbing glare;
DGP ≥ 0.45: unbearable glare [40]

Useful daylight illuminance
(UDI)

Refers to the range of illumination values
that can meet the normal visual work

of workers
500 lux–2000 lux Effective lighting illumination value

100 lux–2000 lux [39]

Capacity efficiency (CE)
Refers to the energy value generated by

the concentrating epidermis after
absorbing direct light

—- The greater the energy efficiency,
the better

2.3.2. Construction of Optimal Objective Evaluation Function

In order to investigate the relationship between the design parameters of the solar-
concentrating skin and the multiobjective optimization, the results during the time period
of the entire year were selected as the evaluation indices in the study, and the simulation
procedures for the evaluation of each optimization objective are shown in Figure 6. Among
the selected indoor light environment optimization targets, UDI belongs to the dynamic
evaluation index of natural lighting throughout the year, whereas DGP is a static index
at a certain moment. To evaluate the light environment optimization targets at the same
level, improve the computer’s calculation speed of the DGP, and achieve the optimization
purpose of reducing glare instead of eliminating it, this study simplifies the calculation of
the DGP index. In clear sky, the glare value is maximum at 12:00 noon every day, and if the
glare is reduced with a large probability at 12:00 noon, it can represent the achievement of
the optimization purpose. First, we calculated the glare magnitude at 12 noon every day of
the year under unobstructed conditions, and then selected the moments with large values
of glare concentration in different seasons of the year for calculation and simulation and
took the ratio of the number of days less than 0.4 in the DGP simulation results to the total
number of days simulated as the optimization target. The viewpoint looking out of the
window at a 1.2 m elevation from the center point of the indoor floor was selected as the
simulation point. The glare evaluation function is given by Equation (1).

f1(a) =

nx
∑
ix

DGP<0.4ix

nx
× 100% (1)

where f1(a) stands for glare target evaluation function (%) and nx is the number of cal-
culations at 1.2 m elevation of the center point of the indoor floor at the time of selection.
DGP<0.4ix is the i-th DGP simulation result less than 0.4 in the selected time.

UDI was selected at 0.75 m elevation from the floor of the office space as the grid anal-
ysis surface for natural lighting performance, with a grid size of 0.2 m, and the timeshare of
the illuminance value satisfying in the simulation results as the optimization target. The
UDI evaluation function is given in Equation (2).

f2(b) =

n
∑
i

UDI100−2000i

n
(2)

where f2(b) is the UDI target evaluation function (%) and n represents the number of
illuminance calculation points on the horizontal working surface at 0.75 m elevation
indoors. UDI100−2000i is the percentage of time that the i-th calculation point satisfies the
100 lux–2000 lux condition.

An equivalent conversion method was used in this study to optimize the solar-
concentrating skin capacity efficiency. The solar-concentrating skin has the property of
concentrating and absorbing direct light and transmitting scattered light, while it can gen-
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erate energy by absorbing direct light for concentrating. Thus, the energy efficiency of the
solar-concentrating skin can be equivalent to the amount of concentrated direct light. The
sunlight propagates in the form of electromagnetic radiation, and the solar-concentrating
characteristics also use radiation for energy production. The direct solar radiation flux
can be used to achieve an equivalent conversion to concentrating energy production. The
calculation of direct solar radiation flux is based on a special meteorological dataset for
the thermal environment analysis of Chinese buildings and the radiation flux obtained by
importing EPW files with Ladybug tools. Direct solar radiation fluxes were obtained by
analyzing and filtering the sunless hours at night for each hour of the day from 8:00 a.m. to
5:00 p.m. throughout the year. Because the solar-concentrating skin cannot convert all the
radiation flux into energy, the annual direct radiation flux is accumulated and multiplied by
the area of the solar-concentrating skin and the solar-concentrating efficiency [7] to obtain
the annual capacity efficiency of the solar-concentrating skin. The evaluation function of
the capacity efficiency of the solar-concentrating skin is shown in Equation (3).

f3(c) =
T

∑
t

[
n

∑
i

IDHi

]
× S × η (3)

where f3(c) is the evaluation function of the capacity efficiency of the solar-concentrating
skin (w/h), IDHi is the direct radiation flux at time i on day t of the year, n is the calculation
period, and T is the number of days in the year. S is the area of the solar-concentrating skin,
and η is the solar-concentrating efficiency of the solar-concentrating skin.
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2.4. Simulation Parameters Setting
2.4.1. Climate Data and Sky Models

The selection of climate data affects the accuracy of the indoor lighting environment
simulations. The free EnergyPlus Weather Date (EPW) file provided by the U.S. Department
of Energy’s EnergyPlus website is used more frequently at home and abroad [41], and
the weather data file provided by this website can provide accurate climate analysis for
academic institutions and laboratories. In this study, the EPW meteorological file of Xuzhou
City, Jiangsu Province, was obtained through this website to ensure that the area to which
the simulated space belonged was highly similar to the climatic conditions of the real
building space. For the sky model, the internationally used CIE standard sky was selected,
and sun-type sunny sky was used as the real sky model for the simulation.

2.4.2. Calculation of the Equivalent Model of the Concentrated Light Surface

The solar-concentrating module is a linear Fresnel lens with internal grooves, which
cannot be accurately constructed for the grooves during the simulation and affects the
given material; therefore, it needs to be equated. The solar-concentrating skin converges
direct light for energy production, reducing the amount of direct light entering the room.
Therefore, the linear Fresnel lens can be equated to a low-transmittance ordinary glass
material where only scattered light can enter the room. Under ideal conditions, only the
ratio of the scattered luminous flux through ordinary glass to the total luminous flux needs
to be calculated. The transmittance was calculated as the scattered light flux in the full
wavelength band and not the scattered light flux in the visible wavelength band. Given
that the full-band luminous flux in the simulated environment cannot be obtained in real
time, and the time-by-time radiant flux provided by the EPW file is the full-band solar
radiation, the solar radiant flux can represent the luminous flux for simplified calculation
of the glass transmittance. The focus of this study is on the optimal design and technical
framework construction of solar-concentrating skin; therefore, this study will calculate
the transmittance of low-transmittance ordinary glass using the scattered radiation flux
obtained from the EPW file.

The sun position and climate conditions determine the magnitude of the scattered
luminous flux, and the sun position must be tracked during the simulation period to
calculate the scattered luminous flux at the simulation moment. Therefore, based on
the rotation angle of the solar-concentrating skin obtained from the EPW file during the
simulated period in the above design parameters, the scattered luminous flux projected
onto the solar-concentrating skin was calculated to achieve the equivalence of the optical
properties of the solar-concentrating module composed of a linear Fresnel lens. The detailed
calculation is given in Equation (4).

τ =
Idh
ITh

× 100% (4)

where τ is the light transmission rate of ordinary glass material, Idh is the scattered radiation
flux, and ITh is the total radiation flux.

2.4.3. Material Parameters and Optimization Platform Setting

Performance simulations using Ladybug and Honeybee require that the parametric
model be given radiance material and converted to a recognizable Honeybee model. The
types of materials included office space walls, double glazing, and solar-concentrating
skins. The walls and double glazing used preset materials from the simulation library,
and the solar-concentrating skins used ordinary glass materials with different scattered
luminous flux ratios after equivalent modeling. The parameter settings for each material
are presented in Table 3.
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Table 3. Each material parameter setting.

Material Assignment Type Parameter Setting

Wall 0.5, 0.5, 0.5, 0, 0
Double glazing 0.872, 0.872, 0.872, 0, 0

The solar-concentrating skin 0.450, 0.450, 0.450, 0, 0, 0, 0.300 (“τ” calculated by Equation (4))

In this study, using the Octopus multiobjective optimization platform, a genetic algo-
rithm was used to search for the Pareto optimal solution set satisfying the performance
metrics and design parameter equilibrium. The O-side of the Octopus module operator is
the performance optimization target port, and the G-side is the parameter variable gene
port. The three covariates of solar-concentrating skin—size (length and width), amount, and
angle—were connected to the O-port. Because the Octopus operator is optimized only in
the direction of the minimum value, the three metrics of DGP, UDI, and solar-concentrating
skin capacity efficiency are connected to the G-terminus by algebraic operations. Based
on the combination of optimization objectives, simulation accuracy, and calculation time,
specific parameters are entered in the Octopus module operator panel (see Table 4.), and
then the optimization calculation begins.

Table 4. Technical data of Octopus module operator.

Calculation Module Parameter Name Input Parameter Setting

Octopus

Genome Corresponding slide bar parameters (Table 1)

Octopus
Daylight glare probability (DGP)

Useful daylight illuminance (UDI)
Capacity efficiency (CE)

Population size 100

Max generation 0

Elitism 0.500

Mut.Probability 0.200

CrossOver Rate 0.800

3. Results
3.1. Optimization Interval Analysis

The experimental simulation was run for 196 h with 50 iterations of computation,
191 solution sets were obtained for the gene pool, and the optimization results gradually
converged to a convergence trend after the 15 th generation. The multiaxis view in Figure 7
shows that each performance index value gradually concentrates from the maximum value
to the minimum value, and the optimal solution set floats and gradually concentrates
near the minimum value. The simulation results show that the DGP calculation range is
0.00–1.00; the UDI rounding calculation range is 42.45–61.80%; and the capacity efficiency
rounding calculation range is 13.01 Kw·h–332.39 Kw·h.

Because the ratio of the number of days less than 0.4 in the DGP simulation results
in the total number of days simulated was used as the optimization target, including
the number of days that reduce glare but do not meet the requirement, the percentage
of the optimization target was 0. Therefore, 32 sets of Pareto optimal solutions in the
15th-generation convergence state were selected, and the 32 sets of solutions were ranked
with the unfavorable factor index in the light environment index as the main optimization
objective. The group with a DGP percentage of 0 was excluded to obtain 26 sets of Pareto
optimal solutions (see Table 5). The optimal distributions of the 26 sets of optimized
solutions are shown in Figure 8. The design parameters and performance objectives of the
optimal solution were statistically analyzed to obtain the optimal interval and maximum
percentage of parameters, as shown in Table 6.
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Table 5. 26 sets of optimized solution cases.

Number Amount
(Number) Width (m) Length (m) Angle (◦) DGP (%) UDI (%) CE (Kw·h)

1 16 0.14 2.6 24 100 58.37 42.05
2 15 0.14 2.8 25 87 58.78 59.11
3 15 0.14 3 25 87 58.60 63.33
4 15 0.15 3 25 93 57.57 67.85
5 15 0.15 2.9 25 87 57.70 65.59
6 16 0.13 3 25 93 58.77 62.73
7 16 0.14 2.8 25 93 57.84 63.05
8 16 0.15 2.6 25 100 57.32 62.73
9 16 0.13 2.7 25 87 59.16 56.45
10 16 0.15 2.7 25 100 56.77 65.14
11 16 0.13 2.8 25 93 58.96 58.54
12 17 0.13 2.9 25 87 57.71 64.42
13 17 0.13 3 25 87 57.59 66.65
14 17 0.15 2.6 36 80 57.89 139.5
15 17 0.14 2.6 36 80 58.96 130.2
16 17 0.16 2.9 45 100 56.75 227.87
17 17 0.16 3 46 100 56.65 259.35
18 17 0.16 2.7 53 73 59.97 285.37
19 17 0.16 2.8 53 73 59.73 295.94
20 17 0.16 3 53 73 59.32 317.08
21 17 0.16 2.6 53 73 60.16 263.54
22 16 0.16 3 56 53 60.82 312.84
23 17 0.16 2.7 56 67 60.52 299.15
24 17 0.16 2.8 56 67 60.35 310.23
25 17 0.16 3 56 67 60.14 332.39
26 17 0.16 2.9 56 67 60.25 321.31
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Table 6. Design parameters and performance target optimal intervals and percentages.

Name Parameters and Performance Indicators Optimal Interval
Percentage of Maximum

Parameters (Interval)
and Percentage

Percentage of Minimum
Parameters (Interval)

and Percentage

Design
parameters

Size of the
solar-

concentrating
module

Length of the
solar-concentrating module (m) 2.6–3.0 3.0, 31% 2.7, 15%

Width of the
solar-concentrating module (m) 0.13–0.16 0.16, 42% 0.13, 19%

Quantity of solar-concentrating modules (number) 15–17 17, 54% 15, 15%

Rotation angle (◦) 24–56 25, 46% 56, 4%

Performance
indicators

DGP (%) 53–100 80–90, 31% 50–60, 4%

UDI (%) 56.65–60.82 56–60, 77% 60–60.82, 23%

CE (Kw·h) 42.05–332.39 42.05–90, 50% 100–332.39, 50%

As shown in Table 6, the maximum percentage of DGP ranges from 80% to 90%, the
maximum percentage of UDI ranges from 56% to 60%, and the maximum percentage
of concentrating efficiency ranges from 42.05 Kw·h to 90.00 Kw·h. Among the design
parameters, the maximum percentages of the size and number of solar-concentrating
module parameters were in the lower part of the analysis range, and the rotation angle
parameters were in the upper part of the analysis range. The results show that the larger
the number of solar-concentrating modules and the smaller the number of rotation angles,
the more favorable the performance optimization objective; thus, when the parameters
of the module are in the range of Table 6, it is the best parameter for the module and the
design of integration with the building. For example, the module size in 3 m × 0.14 m
and the integration angle in 25◦ is the best design parameter for the module, which can
obtain a better indoor light environment at the same time of obtaining the maximum
energy. The actual design is usually chosen for different purposes, all of which should
be based on the simulated optimal parameters to choose the design parameters that are
most beneficial to building performance. When the purpose is based on maximizing energy
output, a larger angle or larger width should be chosen within the simulated optimal
parameters to obtain the maximum energy output. However, the optimal parameters of the
simulation are obtained based on the weather climate of the simulated location and are not
applicable to the integrated design of other locations, so further solving is required when
changing locations.



Buildings 2022, 12, 2026 14 of 22

3.2. Correlation Analysis of Performance Indicators and Design Parameters

To investigate the relationship between each optimization objective and other perfor-
mance objectives and design parameters when optimal, first, 26 sets of data for the three
performance indicators were analyzed by regression fitting, and the optimized relationship
of the three performance indicators was obtained, as shown in Figure 9. From this rela-
tionship, it is concluded that the overall trend of DGP optimization is between 50% and
80%, UDI and CE both have higher performance and gradually show a decreasing trend,
and UDI and CE decrease as DGP increases. The set of optimized solutions in this interval
is also smaller, although it is in the optimal solution, which may be mainly because the
optimization prefers the optimal solution for a certain indicator. When the DGP is between
80% and 100%, the UDI tends to rise and then decrease as the DGP increases, and the CE
tends to fall to the lowest point and then increase as the DGP increases. Analysis of the
dependent variable may be the main reason that the angle of rotation of the spotlight skin
decreases, and the surface area of the skin increases, resulting in a large amount of light
being absorbed by the solar-concentrating skin of light indoor effective illumination is re-
duced, and the energy produced increases. From the set of 26 optimal solutions, the typical
solutions with three optimization objectives, each optimal and one integrated optimal, were
selected, and their positions on the regression curves were analyzed, as shown in Figure 9.
The case parameter indicators are shown in Table 7. In the UDI optimal solution, DGP is
the smallest and CE is also higher; in the DGP optimal solution, CE is the smallest and
UDI is above 58%; in the CE optimal solution, both DGP and UDI are above 60%; in the
combined optimal solution, each index has a high value and CE and UDI intersect at the
regression curve.
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Table 7. Optimization case parameter indicators.

1-DGP Optimal Solution 2-UDI Optimal Solution

DGP<0.4 100% Module size 2.6 m × 0.14 m DGP<0.4 53% Module size 3.0 m × 0.16 m
UDI100–2000LUX 58.37% Module amount 16 UDI100–2000LUX 60.82% Module amount 16

CE 42.05 Kw·h Rotation angle 24◦ CE 312.84 Kw·h Rotation angle 56◦
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The correlation analysis between each variable and each performance index (Figure 10)
showed that the correlation coefficient between DGP and UDI was 0.883, a high negative
correlation; the correlation coefficient between DGP and capacity efficiency was 0.750,
a high negative correlation; and the correlation coefficient between UDI and capacity
efficiency was 0.629, a moderate positive correlation. The main reason is that the DGP
and UDI are calculated from scattered light and the capacity efficiency is calculated from
direct light when the solar-concentrating skin is performing capacity and light harvesting.
The negative correlation between UDI and DGP may be because when the DGP is larger,
there is less glare in the room, which weakens the light and leads to insufficient effective
illumination. Among the covariates, the angle covariate had a high correlation with the
three performance indicators of DGP (−0.755), UDI (0.668), and capacity efficiency (0.994);
the width covariate had a moderate correlation with DGP (0.500) and a high correlation
with capacity efficiency (0.848); the number covariate had a high correlation with capacity
efficiency (0.648), and the length covariate had a high correlation with performance metrics
but no correlation. The regression analysis of each covariate with the performance indices
yielded a functional relationship between the indices and performance, as shown in Table 8.
From the fit of the curves, it can be concluded that the number and length variables have
no obvious relationship with each performance index, and the angle and width variables
have a more obvious relationship with each performance index. The distribution of the
26 solution sets (Figure 8) and the regression curves show that among the angular variables,
the solution sets are mainly located at the two ends of the curve, 24◦–26◦ and 52◦–56◦,
respectively, and the latter has higher values on the curve than the former. The main reason
is probably that when the angle is small, the concentrating module blocks less direct light,
and more daylight enters the room so that the UDI of the room to meet the work is low,
and the DGP near the window has a small value and a high optimization rate. The angle
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is larger at noon, the concentrating module shades more direct light, the light entering
the room becomes less, the UDI of the room to meet the work is increased, the value of
DGP is small, and the optimization rate becomes smaller. The width variables are more
uniformly distributed on the curve, and the variables with more distribution in the UDI
and CE indicators are 0.16 m and the values of UDI and CE at 0.16 m are higher than other
width variables. The main reason for this is that when at 0.16 m, there is the more blockage
of direct light, so the values of UDI and CE become bigger. The value of DGP is the small,
and the DGP optimization rate is smaller.

Since the performance targets are influenced and constrained by multiple variables,
combining the fit of the regression function, the magnitude of the correlation between each
parameter and the performance index, and the magnitude of the trend of the fitted curve,
it is concluded that the angle parameter is the main consideration in the multiobjective
design of the concentrating skin, followed by the width parameters, whose amount and
length can be disregarded under small variations.

Table 8. Parameter–performance relationship.

Parameter DGP UDI CE

Amount
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3.3. Comparative Analysis of Integrated Solar-Concentrating Skin, Integrated Common Skin, and
No Integrated Skin

The DGP, as an important indicator of unfavorable factors in an indoor light envi-
ronment, is considered the main optimization target. Therefore, the 26 sets of solution
sets are divided into three parts according to the magnitude of DGP values, and then the
solar-concentrating skin scheme with higher optimization rate and other variables that are
also better is selected from the three parts for a comparative study with the skin without
integration and the skin with common sunshade module integration. From the data in
Table 9, it can be seen that among the three scenarios, the scenarios with no skin and
ordinary skin cannot produce energy because they cannot converge and absorb the sun-
rays, whereas solar-concentrating skin has a more efficient energy output, and the annual
capacity efficiency can be as high as 332.39 Kw·h. In the DGP target simulation time period,
the percentage of no skin scheme appearing less than 0.4 is 0, indicating that both will show
glare. In the normal skin scheme and the solar-concentrating skin scheme, the percentage
of DGP of the normal skin scheme is still 0, whereas the reduction rate of glare by the
concentrating skin reaches approximately 70% on average. The main reason may be that
ordinary skins do not reduce direct light but change the distribution of direct light through
reflection of the material, resulting in glare, whereas solar-concentrating skins absorb direct
light through their own characteristics, reducing the probability of glare. For the UDI,
the skinless solution has a lot of light entering the room; however, it is not a sufficiently
effective illumination to satisfy the indoor workers’ work. The solar-concentrating skin
and ordinary skin solutions significantly increase the effective illumination of the room by
absorbing direct light and blocking part of the unfavorable light, improving illumination in
the range of approximately 10%. The difference between normal skin and concentrating
skin in terms of UDI is small; however, normal skin has a significant impact on the blockage
of the field of view compared to concentrating skin, which has a better performance ability.
To more clearly demonstrate the three skin scenarios under different covariates, Scheme 2
was selected for visualization and comparison, as shown in Table 10.

Table 9. Comparison data of different solutions.

Scheme
Name Performance Goals Solar-concentrating

Module General Module No Module Relative
Optimization Value 1

Relative
Optimization Value 2

Scheme 1
DGP (%) 53 0 0 53 53
UDI (%) 60.82 60.72 50.92 0.1 9.9

CE (Kw·h) 312.84 0 0 312.84 312.84

Scheme 2
DGP (%) 73 0 0 73 73
UDI (%) 60.16 60.49 50.92 −0.33 9.24

CE (Kw·h) 263.54 0 0 263.54 263.54

Scheme 3
DGP (%) 1 0 0 1 1
UDI (%) 56.75 62.51 50.92 −5.76 5.83

CE (Kw·h) 227.87 0 0 227.87 227.87
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Table 10. Scheme 2 metrics visualization comparison chart.

Different Integration
Schemes DGP Visualization UDI Visualization

The solar-concentrating skin

1 

 

 

 

 

1 

 

 

 

 

Common skin

1 
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non-skin

 

2 

 

 

 

 

2 

 

 

 

4. Discussion
4.1. Research Innovation

With the development of photovoltaic technology, the use of photovoltaic modules
in buildings has become a way to use renewable energy; however, the integration of
photovoltaic module forms with buildings can also affect the aesthetics of the building
facade. Unlike previous studies that have addressed the integrated aesthetics of PV modules
and the aesthetic potential of the modules [42,43], as well as the design of PV module
geometries [16], this paper is more about optimizing the initial design through performance,
starting from objective performance goals. The photovoltaic module used in this experiment
was a transparent solar-concentrating-type module. Because it is transparent to operate,
blocking the field of view less, it has a better visual experience perception than the CPV-T
concentrating model and lens wall composite parabolic concentrating modules designed by
Liang et al. [44] and Xuan et al. [45], and the shape is designed according to the adaptation
window with a certain degree of aesthetics. In addition, compared with the study of Yi, Y,
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K [35], this paper achieves a balanced optimization of the three objectives by considering
the energy efficiency of solar concentrating as the optimization objective, while in the study
of Xuan et al. [46], the energy efficiency, daylight objective, and the parabolic concentrating
module are considered, while the parabolic concentrating module is placed in the skylight.
However, this paper starts from the building façade, which can be directly perceived by
human vision, and quantifies the performance index to explore the concentrating module
and the integrated design with the building.

The simulation results show that the optimal tracking angle of the solar-concentrating
module in this paper is in the range of 24◦–56◦, which is smaller than the 20◦–70◦ proposed
by Liang et al. [47]. However, the tracking type solar-concentrating modules used in this
paper have certain advantages in vertical energy harvesting compared to the static solar-
concentrating modules of Liu et al. [48] and Liang et al. [47]. Due to the absorption of direct
light, the concentrating module can effectively reduce DGP by about 70% and improve
UDI by about 10% compared to the nonmodule and common module, which improves the
comfort of indoor light environment in general. Eltaweel et al. [49] used louvers to reflect
sunlight into the room to improve indoor lighting and had over 90% of the indoor area can
reach a UDI of 300–500 lux during working hours, unlike this paper, which can provide
UDI in the range of 100–2000 lux for an average of 60% of the annual working hours; from
Table 10, it can be calculated that 81% of the indoor area can achieve more than 60% of the
time share., and the indoor year-round UDI level is at 58.71% (Table 5), which is lower than
the low-frequency transmittance concentrating module designed by Zhang et al. [21] for
the integration of light windows.

4.2. Limitations and Future Directions

Although the use of parametric methods for multiobjective optimization exhibit signif-
icant advantages, the accuracy and range of parameter settings still affect the distribution
space of the optimized solution set. The calculated values of each design parameter in
this experiment (Table 1) were chosen to take values in a decreasing form without a finer
division, such as the number of solar-concentrating modules, based on one change, which
would change the distribution of the solution set space based on two changes.

In addition, the solar-concentrating module is essentially a linear Fresnel lens, which
is composed of tiny inscribed grooves that will change the light to achieve convergence
of light; however, considering the simulation length of the experiment and the difficulty
of constructing the inscribed grooves, this experiment equates the linear Fresnel lens into
an ordinary glass with different transmittances; the projection and refraction of ordinary
glass to change the light and inscribed grooves to change the light are somewhat different,
which will have some impact on the experiment. The focus of the equivalence method was
to calculate the transmittance. Because the luminous flux of the full wavelength band of the
sun cannot be obtained in real time, the ratio of solar scattered radiation to total radiation
was used as the approximate transmittance in this study, which has some deviation from
the actual transmittance and will have an impact on the calculation accuracy. Therefore, the
covariates should be further subdivided and the equivalence method should be changed in
future studies to provide more accurate experimental results.

Based on the analysis of the optimization relationship between the dynamic concen-
trating skin design parameters and performance indices, this experiment provides a scheme
and basic data for integrated design and constructs a multiobjective optimization workflow
for solar-concentrating skin. In future work, we will optimize the solar-concentrating
skin, design a more visually aesthetic skin, and explore the impact of skin on indoor light
distribution.

5. Conclusions

This study uses Rhino Grasshopper as the parametric modeling platform and Ladybug,
Honeybee, and Octopus as the performance analysis and data-processing platforms to
demonstrate the entire modeling, simulation, and analysis process in detail. This study
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helps to solve the multiobjective year-round conditions of the solar concentrating skin and
constructs the technical framework of the entire process from the design optimization of
the dynamic concentrating skin for the integrated design of solar energy technology and
building to realize the closed-loop design.

The Pareto optimal solution set for multiobjective optimization of the solar-concentrating
skin was organized, screened, and analyzed, and the optimization interval and optimal
design interval of each design parameter were obtained. The conclusions are as follows:

1. The optimization interval of the number of solar-concentrating modules is between
15 and 17, and the best one is 17. The width optimization interval is 0.13 m–0.16 m,
and the best is 0.16 m; the length optimization interval is 2.6 m–3.0 m, and the best is
3.0 m; the angle optimization is 25◦–46◦, and the best is 25◦.

2. The correlation between DGP, UDI, and capacity efficiency is highly negative, and the
correlation between UDI and capacity efficiency is moderately positive. When DGP is
between 50% and 80%, UDI and CE decrease as DGP increases; when DGP is between
80% and 100%, CE decreases and then increases with DGP, and UDI increases and
then decreases with DGP.

3. The correlation between each design parameter and the performance target is
angle > width > amount > length.

4. By comparing the dynamic concentrating skin with the normal skin and the no-skin
case, it was found that the dynamic concentrating skin can effectively reduce glare and
increase the effective natural light level while achieving energy output. The daylight
glare probability reduction rate can reach approximately 70% and the useful daylight
illuminance can be increased by approximately 10%.

This study adopts a parametric performance simulation approach to explore how the
high efficiency and capacity of solar-concentrating skins affect multiple performance targets
in building interiors, and the relationship between concentrating skin design parameters
and performance optimization. In addition, it provides multiple optimization integration
schemes and an analytical simulation technical framework for the integration and opti-
mization of dynamic concentrating skins in an effort to improve the building indoor light
environment and reduce carbon emissions.
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