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Abstract

This paper proposes a two-step design optimization method for roof-integrated two-stage solar
concentrators (TSSCs) as energy supply systems. The integration process of these systems with
buildings is complex as several conflicting and multi-disciplinary concerns need to be addressed. Thus,
the proposed approach is intended to be adaptable to informed decision-making processes in early
design stages, and yet to be collaborative where several key stakeholders are involved. The method
is an extension to our previously developed approach where the performance of roof-integrated TSSCs
in several design scenarios is accessed along with multiple performance indicators by developing a
parametric model and controlling a set of design inputs. In the current study, the proposed method is
combined with a multi-objective design optimization method, aiming to optimize, building and TSSCs
geometry. The method was validated in an illustrative case study of a single-family house (California)
for a number of conflicting objectives e.g., maximization of direct normal solar irradiance (DNI) and
annual average load match index (av.LMI), and minimization of covered roof area. The validation of
the method shows a number of interesting results. The method enables the generation of performance-
driven designs and searches for the most appropriate solutions, that can help to meaningfully support

the decision-making process.

Keywords: two-stage solar concentrator; roof-integrated; parametric; multi-objective; design

optimization; decision-making.
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1 Introduction

The push for a less carbon-intensive built environment has led to several questions about how
self-sufficient buildings should be designed. Sustainability-related issues can be addressed by working
on building envelopes to maximize solar gains [1,2,3], and integrating advanced solar technologies
[1,4,5,6,7]. In recent years, building-integrated photovoltaics (PVs) have gained significant interest in
building energy research [2,3,8,9,10,11,12,13]. However, PVs are still behind the solar concentrators
(using mirrors and a receiver to convert sunlight into usable energy) in many aspects. For instance, a
PV requires two times more space than a concentrator to produce the same amount of energy (~ 550
kW), where space can be a critical factor, especially in urban areas [14]. Further, PV efficiency is very
low (16-22%) [15] compared with concentrator efficiency (40%) [16]. Concentrators with high
concentration ratios have high efficiency and energy yield and need a small-sized receiver
[17,18,19,20,21]. Among several designs, two-stage solar concentrators (TSSCs) show 50% to 200%
[18,19,20] more concentration ratio and require lesser (i.e., 77%) solar cells [21] compared with
traditional concentrators. TSSCs are prominent for high energy vyield, efficient power delivery, and
deployment modularity [22,23,24]. In TSSCs, light is reflected from a primary mirror to a secondary
mirror, which is focused on the receiver [22]. Despite growing interest in building-integrated
concentrators [25], there exists less research [24,26,27,28,29,30,31,32,33] on integrating TSSCs with
buildings. Further, the integration of TSSCs with buildings reflects a complex decision-making process,
involving stakeholders from different domains e.g., building architects, civil engineers, and energy
specialists having multiple and conflicting objectives e.g., energy demand vs. energy yield vs. energy
cost [2,34]. To address this, design optimization can help to find trade-offs and support the quick
decision-making process. This facilitates the setup of design parameters (decision variables) and
fitness functions (design objectives) for generating, evaluating, and optimizing multiple designs. Design
optimization can be achieved by applying optimal combinations of different design strategies and
ranking design options according to a set of objectives [35]. Nevertheless, design optimization for

building integrated TSSCs requires optimization at the building level and system design level.

On the design level, TSSCs have several limitations e.g., complex architecture, the requirement

of efficient trackers, poor performance in case of misaligned mirrors, and the requirement of high-
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manufacturing skills [22]. Some studies [26,27,29] optimized TSSCs for minimum size and cost and
maximum yield by considering decision variables e.g., the number of modules and arrangements, and
receiver properties. However, there is still more research needed to include several other decision
variables in the optimization process that include but are not limited to geometric concentration ratio
[24], mirrors’ size [31,33], the distance between mirrors [24,33], or the mirrors’ shape [30,36] to
generate optimal TSSC solutions. Additionally, the research on optimization of building-integrated
TSSCs is scant [26,27,29]. Unlike PVs, TSSCs have the leverage of design flexibility (e.g., by varying
mirror shapes, system dimensions, etc.) since the technology is still far from maturity [22]. Because
concentrators only work under direct normal irradiance (DNI) unlike PVs. Thus, successful integration
of TSSCs with buildings requires exploration of building surfaces that receive most of DNI, to ensure
optimal performance of these systems. However, in existing research [26,27,29], building-integrated
TSSCs are optimized as stand-alone designs before installation on buildings and are limited to existing
buildings. Thus, building-related parameters are ignored for optimization of TSSCs while buildings
control a significant proportion of incoming sunlight [2,3,8,9,10,11,12,13]. Hence, optimization of
building surfaces, especially roofs that are more optimal locations in urban areas, is still missing for

maximization of DNI, before installation of TSSCs.

This research envisions that design optimization of both; TSSCs and building can enable
informed decision making, by generating several solutions and evaluating across different objectives.
In this sense, the building roof can be optimized to maximize DNI, and TSSC geometry can be
optimized for optimal performance. One possibility is to develop parametric models by mimicking
design parameters [37] and applying multi-objective optimization [26,38,39] where genetic algorithm
(GA) based methods are widely adopted in the buildings and energy research [26,39]. In the current
research, there exist several parametric models combined with multi-objective optimization to
maximize solar gains on building envelopes, ultimately energy yield [2,3,8,9,10,11,12,13]. To the
authors’ best knowledge, no study proposed any model to maximize DNI by applying parametric
modeling and multi-objective optimization approaches. Existing models [2,3,8,9,10,11,12,13] enabled
building design optimization, by mimicking building-related decision variables e.g., roof design and

slope, or orientation. However, these models are limited to integrating PVs with buildings. Further,
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these models are limited to using fixed, and commercially available PVs, and do not include PV-related

decision variables.

To the authors’ best knowledge, there exists no parametric modeling approach combined with
multi-objective optimization for building-integrated TSSs considering building- and TSSCs-related
decision variables, thus a collaborative design optimization of both is still missing. This motivates to
development of an integrated design optimization approach in subsequent steps: optimization of roof
design for maximizing DNI followed by optimization of TSSC design for improved performance. To
begin to address this knowledge gap, this paper introduces a two-step design optimization method that
allows for automatically integrating TSSCs with building roofs. The proposed method is based on our
previously developed performance assessment method [40] of roof-integrated TSSCs, where several
design alternatives were developed by applying a parametric modeling approach. Previously [40], we
accessed the performance of roof-integrated TSSCs by manipulation of the building- and TSSCs-
related design parameters i.e., roof shape, roof slope, building orientation, TSSC type, geometric ratio,
and separation distance between mirrors. However, we did not optimize these designs through
optimization algorithm(s), and manually filtered designs according to performance criteria. The method
presented in this study enables a two-step optimization: (1) optimizing the roof design to maximize DNI
(single-objective), and (2) optimizing TSSC configuration for two performance objectives (multi-
objective): maximize energy reflected by annual average load match index (av.LMI) [41,42] and
minimize covered roof area by TSSC modules. The proposed method applies NSGA-II (GA algorithm)
due to its wide applications in the design optimization of buildings and energy systems [43,44,45,46].
In the proposed method, we consider decision variables that are related to both, building design (i.e.,
roof shape, slope, and orientation) and TSSC design (type, solar cell size, number of modules,
geometric ratio, and separation distance between mirrors). Thus, our method helps us to find the best
roof design achieving maximum DNI, and best TSSC designs that can be integrated well with buildings
achieving maximum energy gain and requiring minimum installation space on the building’s roof. The
main hypothesis is that the performance of building-integrated TSSCs can be improved by applying

parametric modeling and multi-objective optimization approaches to building scale, and TSSC scale
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designs. The method presented in this research allows exploring trade-offs among performance

objectives, enables performance-driven design, and serves to guide decision-makers.

The paper is structured as follows. Section 2 provides an overview of modeling and optimization
considerations for installing TSSCs with buildings. We then describe the proposed method, highlighting
the principal components of our approach in section 3. Section 4 represents the implementation of the
proposed method in a case study. In section 5, we present our optimization results followed by the

discussion and limitations of the proposed method in section 6. Finally, section 7 concludes the paper.

2 Background

Design problems related to building-integrated solar technologies are complex where conflicting
goals are often required at the same time. This requires a holistic and integrated design approach
where multiple teams can work together. Even in integrative and collaborative teamwork, finding a
meeting point that allows the optimal solution for all necessities becomes challenging. Surely, suitable
multi-objective optimization methods, aimed at tailored and reliable evaluations of the performance,
are a possible answer where a range of solutions are sought that span the trade-off between each
design objective [38,47]. In the field of building energy research, researchers usually define only two
objectives, such as energy cost and CO2 emissions [43,48], energy use and cost [44], or energy use
and daylight [35]. In a few cases, a few studies proposed three objectives such as [35], energy use,
energy generation, and daylight [11], energy use, energy generation, and visual discomfort time [3],

energy use, cost, and energy generation [2], or energy use, cost, and thermal comfort [10,49].

Nevertheless, a complex problem solving through multi-objective optimization usually covers two
major aspects that includes: (1) optimization method, and (2) design optimization scope. Concerning
the optimization method, evolutionary algorithms appear to resolve multi-objective optimization
problems by mimicking the systems and techniques encountered in evolutionary biology [47]. In this
context, concepts such as inheritance, mutation, natural selection, and crossover assist in the search
for an optimal set of solutions to a given problem [47]. Several types of evolutionary algorithms have
been identified in building energy research such as multi-objective genetic algorithm (MOGA) [50,51],

micro-GA [26,27], fast non-dominated sorting genetic algorithm (NSGA-Il) [43,44,45,46], multi-
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objective evolutionary algorithms (MOE) [52], generalized pattern search optimization algorithms
(GPSOA) [53], hybrid-GPSOA [54], and trust-region-reflective least-squares algorithms [55]. GAs are
the population-based methods and have a good diffusion in the buildings and energy research
community, producing a sub-optimal solution in a reasonable time where each individual of the
population (decision variables) represents a solution for the target problem. The population of solutions
evolves during several generations, where at each generation, all the individuals are evaluated by a
fitness function that measures how good the solution represented by the individual is for the target
problem [39]. Typically, the outcomes of multi-objective optimization are divided into feasible and
Pareto solutions. Feasible solutions are found by the optimization algorithm in searching for optimal
solutions, that satisfy all defined constraints. While a solution is Pareto optimal if there are no other
feasible solutions that are better with respect to one objective without being worse with respect to at

least one other objective [37]. In Pareto fronts, objectives can be mapped in single- or multi-

dimensional representations, while the problems with more than three objectives are more challenging
due to complexity of data to display [56]. The parallel coordinate plots are scalable alternative to plot
optimization results. In general, number of generation and population size varies based on model
complexity, where most studies reported generation size between 10 and 200, and population of 20 to

150 [10,11,35,44,45,48].

Regarding the design scope, during the multiple design stages of projects regarding the
installation of solar technologies with buildings, several specialists need to interact concerning building
and solar technology design to be integrated with building, to predict the overall performance across
several disciplines. Typically, to achieve a sustainable building design, two main concerns are, how to
design buildings to enhance solar energy yield [1,2,3], and how to design high-performing solar energy
systems [6,7]. Although the optimization methods described above are undoubtfully promising, due to
their inherent complexity, these methods are not commonly used in the design practice yet and
currently are limited to a few academic research studies [35]. The complexity comes from the large
number of multi-disciplinary interrelated parameters involved in optimizing building and system
performance. Because of the high complexity in setting up a model for multi-objective optimization,

there is a great demand for utilizing and integrating the advanced modeling and simulation
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technologies, such as parametric models and optimization algorithms with energy simulations [35]. In
general, design optimization covers two aspects, choice of decision variables and selection of solar
technology. Typically, existing models take decision variables that are either related to building [1,2,3]
or energy systems [6,7]. However, there is a lack in considering the decision variables associated with
both, buildings, and solar technologies into a single framework. Moreover, in the process of integrating
solar technologies with building envelopes, one of the commonly developed approaches is the
parametric simulation method. This approach enables us to set design parameters within a proper
range and to see their effects on some objective functions, while other variables are constant [37].
Several studies proposed parametric models that were limited to optimization of building-integrated PV
systems [2,8,9,10,11,12,13]. Additionally, most of the fundamental work in this field is limited to
investigating the decision variables associated primarily with building geometries [2,8,9,10,11,12,13]
by manipulating roof forms, orientations, and roof slopes [2,3,57] aiming to increase the solar irradiance
and ultimately the energy yield from building-integrated solar energy systems. Regarding the
technology choice, PV systems are widely applied, however, there is little work towards practical
implementation of solar concentrators, in particular TSSCs, that are far better than PV in terms of their

performance.

In the current practice, for solar concentrators, design optimization is performed only for existing
buildings, not considering the optimization of building designs [26,27,45,46,53,55]. For instance,
studies aimed to optimize concentrator designs for maximizing energy yield or energy efficiency and,
minimizing the system cost, by investigating system-related design parameters such as mirrors’
diameter as well as operational parameters [45,53,58]. Considering other design approaches, TSSCs
have the advantage of higher yield by utilizing smaller-sized solar cells, over conventional single-stage
concentrators as highlighted in our previous study [40]. Despite their applications in buildings
[24,26,27,28,29,30,31,32,33], only a few studies reported design optimization models of TSSCs
integrated with buildings [26,27,29]. For example, Burhan et al. [26,27] optimized a TSSC design using
a micro-GA and aimed to find the optimum system configuration and dimension with zero failure time
and minimum cost. They [26] considered the module number and the initial storage as decision

variables. Later, they [27] incorporated other aspects e.g., solar cell (receiver) properties, and the
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optical parameters and arrangement, and aimed to optimize the system size at minimum cost. Another
study [29] used a trust-region optimization algorithm to maximize electrical yield from a TSSC by

varying solar cell properties.

One of the major concerns in their successful implementation in the built environment is
optimizing TSSCs for several design-related and performance-related issues. Future cost-effective and
energy-efficient solutions can be developed by increasing energy yield and reducing the size of system
size [31,33] and solar cell receiver [21]. Further small or lesser modules can lead to reduction in energy
generation costs, especially in urban areas with significant space values [14]. Therefore, a significant
amount of effort is needed to design novel solutions by exploring several decision variables related to
design e.g., geometric concentration ratio [24], mirrors’ size [31,33], the distance between mirrors
[24,33], or mirrors’ shape [30,36]. However, an analysis of TSSCs for optimal performance by

considering all these parameters as decision variables is still missing in the current literature.

Considering building-integrated TSSCs, energy performance of TSSCs is not only influenced by
system design, but also building design achieving a certain DNI level. Therefore, the integration of
TSSCs with building also requires optimal building designs, ensuring a maximum level of DNI [59].
Building Roofs are logical places for efficiently harvesting solar energy [60,61,62,63], therefore roof
designs should be optimized to maximize DNI. However, there is still missing literature pointing towards
the analysis of DNI of various roof designs before the installation of TSSCs. This requires taking several
building-related decision variables including roof types, orientation, and slopes to investigate several
optimal building roof designs. Therefore, to assess the actual potential of TSSCs in buildings, their
integration with the building envelopes needs to be accurately addressed. This requires developing a
parametric model and optimizing building and TSSC designs. Employing such an approach can help
to investigate performances of several optimal designs and allow evaluating the trade-offs between
each design objective e.g., maximum energy balance, minimum system size, and cost. Therefore, to
enable integral designs of building-integrated TSSCs and evaluate several optimal solutions, decision
variables related to buildings and TSSCs should be considered in a single design optimization method.
Because previous studies either aimed to optimize building roofs to maximize solar gains
[2,3,8,9,10,11,12,13,57] or to optimize TSSC configurations [26,27] for improved performance,
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concurrent design optimization of both is still missing. This requires an integrated design optimization
approach in subsequent phases of the design process that is optimization of roof design followed by
optimization of TSSC design across a number of conflicting performance-related objectives. In building
energy research, a load match index (LMI) reflecting a match between yield and demand is one of
important energy performance indicators [41]. Inspired by previous studies on parametric modeling
methods for building-integrated PV [41,42], we intend to increase an annual average LMI (av.LMI) for
TSSCs by varying building and system-related design variables. Further, this research envisions that
reduced roof space occupied by TSSC modules can lead to cost effectiveness of system where space

value is high in urban sector [14].

To this end, we propose a design optimization method by employing a parametric modeling

approach by taking several decision variables of both building and TSSCs. Due to their popularity in
both, buildings, and solar energy systems, we use NSGA-Il as an optimization technique [43,44,45,46].
The proposed design optimization method is based on our previously developed performance
assessment method of roof-integrated TSSCs, where several design alternatives are developed by
applying parametric modeling approaches [40]. In our previous study, we assessed the performance
of several roof-integrated TSSCs by manipulation of the building- and TSSCs-related design
parameters i.e., roof shape, roof slope, building orientation, TSSC type, geometric ratio, and separation
distance between mirrors. The method presented in this study performs a two-step optimization, first
optimizing the building’s roof to maximize DNI (single-objective), and then optimizing TSSCs for a
number of performance objectives (multi-objective). In multi-objective optimization, the method
evaluates av.LMI, and covered roof area. The two-step optimization helps finding optimal roof shape,
slope, and orientation as well as optimal TSSC type, solar cell size, number of TSSC modules,
geometric ratio, and separation distance between mirrors of TSSCs for good performance. Thus, the
method serves to guide decision-makers in the design and operation of TSSCs as part of building

geometry as discussed in the following section.
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3 The proposed design optimization method

The proposed method is structured in four successive steps (Fig. 1). The first step is the
geometric generation step that requires the parametric model creation for roof and TSSC designs

considering several decision variables and constraints.

i Continuous decision |

av.LMI, number of solar cells,
covered roof area

Optimization

I 1
| 2b| 2c !
I ¢ variable 1
 CE
; : — Fitness function: “— Single-objective :
: —_— DNI on roof - Optimization !
1 : Discrete decision P :
! | variables vy (g i h
1 .
1 31
Ia H L . " . -
o Constraints X 3|Energy system design optimization
1 : 1 r ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
1 1
; I ! 3a I 3b I :
: Fitness function: — d
Multi-objective |
—> ’ :
1
1

Il i i g
h TSSC |<ff——
|

Max.av.LMI
Min.cov.roof
Min. solar cells

4 | Design assessment
O Iterative

{ Results evaluation }

Fig. 1 The proposed design optimization method, where DNI represents the direct normal irradiance,
av.LMI represents the annual average load match index, and cov.roof represents the percentage of

the available roof area covered by TSSC modules.

The second step is the design optimization of the building roof created in step 1, using a single-
objective optimization that aims to maximize the solar irradiance in terms of DNI on the roof. The third
step is the design optimization of TSSCs created in step 1 using multi-objective optimization aims to
find optimal solutions in terms of two key objectives that are maximizing the av.LMI and minimizing the
covered roof area by integrating optimal TSSC designs with optimal roof design created at step 2. The
fourth step is the evaluation of generated results to investigate several optimal solutions in terms of

av.LMI and covered roof area in the design space. The following sections describe each step in detail.

3.1 Parametric model

In the first step, we assume several design-related (i.e., building dimension) and environmental

constraints (i.e., energy demand and weather data), as well as the continuous and discrete type of
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decision variables based on the variation domains we set (Table 1, Fig. 2, Fig. 3).

Table 1 Decision variables, their acceptable range, and types.

Variable(s) Lower limit Upper limit Type

Roof slopes (°) 5 30 Continuous
Building orientation (°) 0 315 Continuous
Geometric concentration ratio 26 122 Continuous
Number of modules 10 100 Continuous
Solar cell width (mm) 7 10 Continuous
Separation distance (m) 0.20 0.71 Continuous
Variable(s) Min. index Max. index Type

Roof type 0 2 Discrete
TSSC type 0 3 Discrete

Roof Type

Discrete variable[0,1,2]

Continuous variable [5° — 30°]

Building Orientation
Continuous variable [0° — 315°]

Fig. 2 Continuous and discrete decision variables of roof designs investigated in the method.
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Discrete variable [0,1,2,3] Cass-I [0] Cass-ll [1] Cass-lll [2] Cass-IV [3] |

Secondary |

U mirror
SD]/
|
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mirror
Separation distance (SD)

Continuous variable [0.2m — 0.7m]

—
GR — Ay1— Aup Ao
Geometric ratio (GR) Ag ¢ b
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L |
—
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Continuousvariable [7mm — 10 mm]

Length (L) = Width (W) |

F Y

Modules to be
Number modules integrated on Roof
Continuous variable [10— 100]

Fig. 3 Continuous and discrete decision variables of TSSC designs investigated in the method,

where Am1 represents the primary mirror area, Am2 represents he secondary mirror area, and

Ar represents the receiver area.

In our previous study [40], we considered varying roof type, slope, and orientation, as well as
TSSC type, geometric ratio, and separation distance. However, in this study, we further include two
design variables related to TSSCs as decision variables that are solar cell size and number of modules
[26,27]. The method begins with parametrically generating roof and TSSCs geometries. The roof
design is generated based on roof slope and orientation as continuous, and roof type as discrete
decision variables (Fig. 2). The scope of this study is limited to three roof types including shed, gable,
and saltbox roof. To enable the parametric changes, we assign each roof type with an index as 0 for

shed, 1 for gable, and 2 for saltbox roof design. Additionally, TSSC geometries are generated based
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on geometric concentration ratio, a number of modules, the width of the solar cell, and the separation
distance between mirrors as continuous, and TSSC type as discrete decision variables, with the
receiver properties and dimension (i.e., solar cells) as main design constraints (Fug. 3). There are
several TSSC design types based on mirror shapes. However, cassegrain design has attracted more
attention in solar energy applications as identified by Bushra and Hartmann [22]. In this study, we focus
on four cassegrain types as cassegrain employing parabolic primary and secondary mirrors (‘cass-I’),
cassegrain employing a parabolic primary and a hyperbolic secondary mirror (‘cass-II'), cassegrain
employing a parabolic primary, and a wide elliptical secondary mirror (cass-lll), and cassegrain
employing a parabolic primary and a long elliptical secondary mirror (cass-IV). We assign each TSSC
type with an index as 0 for ‘cass-I’, 1 for ‘cass-II’, 2 for ‘cass-lII’, and 3 for ‘cass-IV. After defining
parametric relations and creating roof and TSSC designs, the next step is to perform roof design

optimization to obtain maximum solar irradiance in terms of DNI as discussed in the following section.

3.2 Roof design optimization

Considering the weather conditions as environmental constraint, this step allows optimizing the
roof design by maximizing incoming sunlight on the roof. We use weather data (.WEA) file containing
hourly data of the cumulative radiation of a particular geographic location over a certain period. The
optimization process through solar simulations uses this data to determine the amount of radiation in
particular DNI on a selected roof with respect to roof type, orientation, slope, time range, and shading.
We use a genetic algorithm, in particular, NSGA-II for a single-objective optimization that is maximizing

the solar energy gain in terms of DNI as given below:

Max Z, = DNI (X) (1)

Subject to: X = {xOrientation, xSlope, xRoofype }

Our method allows estimating hourly, daily, to annually-averaged DNIs, we only focus on annual
DNI values because we aim to design a system fulfilling an annual average energy demand. At this
step, we define a fitness function for solar assessment analysis on the roof to estimate the DNI. We
assign this fitness function to the initial population list with a defined size and apply the optimization

algorithm. Then the results transfer to the generation loop to improve the values in each generation.
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The generation loop runs the generation and sorting processes until the run iteration counter reaches
the limit we set. With different roof design options, we aim to test the maximum solar potential on the

roof surface generated at step 1 before integrating TSSCs on the roof.

3.3 Energy system design optimization

Based on the maximum DIN value achieved at the first-step optimization (at step 2), we perform
TSSC design optimization at this step. Our primary goal is to design a TSSC as an energy system that
can be used for electrical and thermal energy applications in buildings. This step requires information
regarding the maximum DNI for optimal roof solutions for step 2. We define fitness functions for two

objectives, av.LMI and covered roof area (CRA) as follows:

Max Z, = av.LMI (X) (2)
Min Z; = CRA (X) (3)
Subject to: X = {xDNI, xGeometric ratio, xSeperation distance,

XTSSCType, xSolar cell size,xNumber modules }

The fitness functions measure how good the solution represented by the individual are for the
target problem that is to maximize the av.LMI and minimize the covered roof area. The first fithess
function is based on electrical and thermal energy calculations. To begin with this, we perform an
optical simulation of a TSSC design and estimate the concentration ratio as well as optical efficiency.
Then the electrical energy from a TSSC module is estimated (using a solar cell and thermal receiver)

as follows [64]:

1 p
Pmod,r = ((kt-nc-‘[' [,0 + ﬁ (1 - m ]f 77m0d) - ppar) Ninv- CR'DNI-Asc-nc

(4)
Where k. is the power thermal coefficient, . is the solar cell efficiency, n,, is the optical

efficiency, n.n.4 is the module efficiency, n,,, is the inverter efficiency, f is the tracking factor, n. is the

number of cells per module, p,,is a loss factor (0.023), A, is the solar cell area, CR is the

concentration ratio, 7 is the transmittivity of mirrors, p is the reflectivity of mirrors, and DNI is the direct

normal irradiance. We then calculate the thermal energy yield as [64]:
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ch,r = ([(1 — Ne-Nmod- kt)-nop- CR. DNI-f] - [h_c (Tc - To) + €c.0. (Tc4 - To4)])-Asc-nc (5)

where ¢, is the cell emissivity and h, is the system working hours, T is the cell temperature, T,
is the ambient temperature (25 °C), and ¢ is the Stefan Boltzmann constant (5.670373*10-8 W/m?2.k%).
Finally, this allows estimating overall av.LMI as temporal demand coverage ratio as calculated below

[41,42,65]:

mod gl(t) (6)
av.LMI] = Z min [1, LD —]

year

Where N,,,,4 is the number of total modules, g is the electrical and thermal yield from a single
module, 1 is the energy load, i is the energy carrier, t is the time interval, and N is the number of data
samples. We also estimate the roof covered area (CRA) as the percent of the roof area occupied by

modules relative to the total roof area given as:

CRA = (Amod-Nmod> 100 (7)

roof
Where A4 is the module area, and A,,,4-f is the available roof area. We assign the list of
fitness functions to the initial population list. Then the results are transferred to a generation loop to
improve the values in each generation. The generation loop runs the generation and sorting processes
until the iteration counter reaches the defined limit. Thus, the methods allow performing a multi-
objective optimization based on decision variables related to TSSC design and the fitness function. In

the following step, we assess multiple designs by evaluating multi-objective optimization results.

3.4 Design assessment

This step allows the user to assess several sub-optimal solutions in terms of contradictory
objectives by updating the building and TSSC decision variables according to a pre-defined range and
moving through the above process described by steps 1 to 3. Thus, in this step, the method reports a
set of sub-optimal solutions for the key objectives from two-step optimization. As indicated in previous
sections, the key objectives we consider are maximum DNI, maximum av.LMI, and minimum covered
roof area. By applying a multi-objective optimization algorithm called a genetic algorithm (NGGA-II) in

two subsequent steps, we first seek solutions with the highest DNI, and then we seek a range of
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solutions with a trade-off between design objectives that are av.LMI and covered roof area. By doing
this, we generate a large design space with several different design solutions. This further automates
the process which is essential to be performed on a design from key decision variables as input to the
design assessment. The scope of design options is provided by the opportunity to combine different
possible values for the decision variables. Hence, our method allows making changes in the
optimization settings, and decision variables (i.e., continuous, discrete), and repeating the same
process from steps 1 to 3 until we achieve the good or sub-optimal solutions. We validate the method

in an illustrative case study as discussed in the following section.

4 Validation approach

To validate the method, we conducted an optimization study for a single-family detached building
(size 186 m? — 232 m?) - the most common type of residential buildings in California [66]. As inputs to
the model, we considered building- and TSSC-related decision variables (Table 1) as well as several
environmental [67] and design constraints (Table 2). We used an hourly cumulative radiation dataset
(\.WEA file) that is available in Dynamo for the chosen location over a year. We implemented the

method using Dynamo [68], SolTrace [69], and R [70] (Fig. 4).

Dynamo ;
(Optimo)
TSSC design

Optical o optimization:
simulations ﬁ av.LMI, number of solar

1
1 \” .
' Dynamo 7 SolTrace
: (Optimo)
Environment constraints |:

Design constraints B Roof desigr[;;ftimization: cells, covered roof area

Parametric Model

e ‘
Continuous

decision variables &
Discrete decision o StU d 10

LD . s ... S ——————
iteration '

Results evaluation _‘

‘ (visualization)

Fig. 4 Implementation of the proposed method.
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Table 2 Design and environmental constrains in the method.

Environmental Value Design constraints value
constraints

Location: Latitude 33.61 Building  Width (W) x Length (L) 16 m x 13 m x
design: x Height (H) 10m
Longitude -114.58 Floor area 208 m?
Energy Annual 15,545 TSSC module efficiency 90 %
demand: (electrical)  kWh design:  (Mmoa)
Annual 7,567 mirrors transmittivity 90 %
(thermal) kWh (1)
Annual total 23,112 mirrors reflectivity (p) 94 %
kWh
Tracking factor (f) 0.9
cell size (A,) 81 mm?2
cell emissivity (e.) 85 %
inverter efficiency 90 %
(ninv)

Dynamo is a visual programming application that allows specifying the design spaces quickly,
interactively, and accurately. Calculations were performed in Dynamo using a text-scripting interface.
We used the Optimo package in Dynamo was used for single- and multi-objective optimization based
on the genetic algorithm (i.e., NSGA-II). SolTrace is an optical ray-tracing tool for optical modeling and
simulating of TSSCs, where the Python scripting functionality in Dynamo was used for triggering optical
simulations, and for data exchange between SolTrace and Dynamo. R is a programming language for
statistical computing and graphics. The implementation begins with the development of a parametric
model in Dynamo by generating a random population list of decision variables followed by roof design
optimization. At this step, a fitness function is defined for estimating DNI on the roof through Dynamo’s
solar irradiance analysis package. This analysis is performed over the period of one year (01-01-2020
—31-12-2020) using the climate data of a chosen location in California. The fitness function for DNI is
assigned to the initial population list and finally, the NSGA-II algorithm is applied in Dynamo. This
reports the maximum DNI values (single-objective) and corresponding decision variables of the

building that are building roof type, roof slope, and orientation. In the following step, TSSC designs are
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optimized, where all the calculations are performed in Dynamo. For this, a fitness function is defined
that enables the optical simulations of TSSCs in SolTrace. To enable these simulations directly from
Dynamo, we developed a python script that triggers optical simulations in SolTrace using the inputs of
population generations and optimal DNI. This script also allows exporting all results from SolTrace
back to Dynamo. We then calculate the energy yield as well as the required number of modules to
meet the energy demand of the building. The fitness function is defined for further estimating the
covered roof area by modules that are required to fulfill a specific pre-defined energy demand for a
building. The fitness function is assigned to the initial population list and the NSGA-II algorithm is
applied in Dynamo. For first- and second-step optimization, the generation loop runs the generation
and sorting processes until the iteration counter limit is reached. Finally, the method exports all decision
variables and their corresponding results to a comma-separated values (CSV) file. In optimization at
steps 2 and 3, the loop could in theory run endlessly unless a defined end criterion is reached. For this
study, the end criterion was chosen to be 10 generations with 30 individuals each. We chose the
number of generated solutions as a compromise between computational time and having a meaningful
number of cases for the optimization algorithm to be able to find sub-optimal solutions. Finally, the
results of the optimization study are analyzed graphically in R. Our design problem involves three
objectives (i.e., DNI, av.LMI, and covered roof area), thus, we chose to represent our results in Pareto
Front. These plots represent the trade-off front between design objectives and allow finding equally

optimal solutions as discussed in the following section.

5 Results

Fig. 5 illustrates the results of our design optimization study in parallel coordinate plots that help
to explore design space and steer the optimization procedure where each line represents an alternative
solution for multiple objectives. Moreover, we also highlight the Pareto optimal solutions (Fig. 6). The
first-step optimization of roof design shows that a maximum of annually-averaged DNI of more than
1900 kWh/m? is achievable. Thus, maximum DNI is achievable at an optimized roof design that reflects
the saltbox roof type (index 2) with a slope of 12° and orientation of 45.5° (Fig. 5). This roof design will
be considered for the integration of TSSC designs that are optimized using the maximum DNI as an
input. During the second-step design optimization, TSSCs are optically simulated under maximum DNI
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and for a whole set of the population of input design parameters for different generations. Fig. 6 also
shows the design space of all evaluations based on a set of decision variables and corresponding
performance objectives well as of Pareto optimal solutions. Moreover, we also represent the trade-off
between two objectives, av.LMI versus covered roof area (Fig.6). Our results show that the optimization

process can improve the performance of TSSCs and find the sub-optimal solutions from the design

space.
Roof Roof Orientation DNI TSSC 5D Cell width GCR Num. av.LMi Covered
type slope (0°) () {(kWh/m2/year)  type {m} (mm) o] modules ] roof (%)
2 44.858 305.14 1,939.28 3 0.64933 9.977 8,341.5 99 1.6757 16.1

300 164

1200

0 6.764 45.12 1,144.75 0 [} 0 o o} 0 0

Fig. 5 The design space of all evaluations in three roofs and four TSSC designs, where SD represents
the separation distance, GCR represents the geometric concentration ratio, and highlighted design
spaces represent sub-optimal solutions for maximum direct normal irradiance (DNI), and annual average

load match index (av.LMI), and minimum covered roof area.
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Fig. 6 Pareto optimal solutions for optimization annual average load match index (av.LMI) and

covered roof area (%).

Results of the multi-objective optimization (Fig. 6) procedure show that there is a widely
distributed initial randomly generated solution set. For the higher generations, the results are getting
more and more clustered toward the optimum (Pareto) solution in terms of av.LMI and roof covered
area. Moreover, the solution of the final population is better than the solution of the initial population,
where Pareto sub-optimal solutions can even provide a high av.LMI of more than 1 and the covered
roof area of below 10%. Our results show that very few alternatives of the initial population set satisfy
the high-performance criteria to get the maximum av.LMI and minimum roof covered area. However,
the higher population set alternatives satisfy these criteria. The Pareto optimal shows a conflicting
relationship between performance objectives (Fug. 6), for instance, higher av.LMI leads to a higher
number of required modules and ultimately a large fraction of the roof area is occupied by TSSC
modules. In Fig. 6 and Fig. 7, we highlight a few good, Pareto sub-optimal solutions representing high-
performing TSSC designs that can be integrated with roof design extracted from the first-step

optimization process for maximizing the DNI.
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Fig. 7 The design space of all evaluations in three roofs and four TSSC designs for maximum direct
normal irradiance (DNI), and annual average load match index (av.LMI), and minimum covered roof
area, and number of solar cells (Num.cells), where GCR represents the geometric concentration ratio,

and SD represents the separation distance between mirrors.

For instance, the first design alternative (Fig. 7b) consists of TSSC type 1 that is cass-Il design
(consisting of a parabolic primary and a hyperbolic secondary mirror), with a separation distance of 62
cm, and a geometric concentration ratio of 3821 using 8.66 mm wide solar cell and 23 modules. With

this design configuration, the modules cover only 1.4 % of the roof, which is very low, but the av.LMI
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becomes too small, that is 0.17. Hence, with this design, only 17% of the building energy is met. The
second design (Fig. 7c) combined 95 modules of TSSC type 2 that is cass-Ill design (consisting of a
parabolic primary and a wide elliptical secondary mirror), with a wider solar cell receiver (9.9 mm) and
the higher geometric ratio of mirrors (4314) compared with the first solution, but with a lower separation
distance between mirrors (41 cm). Modules based on this design configuration cover 5.9 % of the roof
and lead to av.LMI of 0.98. The third design (Fig. 7d) consists of the same TSSC type, a separation
distance between mirrors as and solar cell with the second design but has a slightly lower geometric
concentration ratio (4179) and slightly lesser modules (93) and uses slightly small-sized solar cells (9.4
mm). This leads to slightly improved av.LMI of 1.1 but covers roof area of 7.5 % due to wider (primary)
mirrors. The fourth (Fig. 7e) design consists of TSSC type 3 that is cass-IV design (consisting of a
parabolic primary and a long elliptical secondary mirror) using a slightly wider solar cell (9.9 mm), with
a slightly larger separation distance (46 cm) and small geometric ratio (1366) compared with previous
three designs. Moreover, with a higher number of modules (99) compared with the other three designs,
av.LMI can be improved to 1.17 but with a slightly higher covered roof (8 %) compared with other

designs.

The fifth (Fig. 7f) design is based on the same TSSC type and uses the same width of the solar
cell as the second and third design configurations, but with a separation distance of 43 cm and a
geometric ratio of 4101. Moreover, with only 78 modules, av.LMI of 1.29 is achievable where roof
covered area is 10%. Finally, the last design (Fig. 7g) is of TSSC type 0 that is cass-I (consisting of
parabolic primary and secondary mirrors), with a separation distance of 56.4 cm, and a geometric ratio
of 1478. With 87 modules, av.LMI of such design is significantly improved to more than 1.5 but covers
roof area of more than 10% that is higher among all design configurations. In general, designs shown
in Fig. 7d— Fig. 7f show good performance with av.LMI of more than 1 and cover less than 10 % of the
roof. However, designs in Fig. 7b and Fig. 7c are good for achieving lower covered roof area but not
so good av.LMI values. Further, the design shown in Fig. 7f is impressive in terms of achieving higher
av.LMI but the covered roof area increases to more than 10%. In both single- and multi-objective
optimization, our results become more clustered and converged at a higher generation size of more

than 7. We observed a slight variation in performance objectives at higher generation compared with
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initial solutions.

Regarding the simulation time, in our illustrative example, with a generation size of 10, and
population size of 30, the simulation time for each generation was 12 minutes, where the overall
optimization process took about two hours. The process of parametric model settings, model
regeneration, and exporting results took about 10 minutes of the total time. We spent about an hour
on first step optimization (roof design for single-objective) and about one hour on second step
optimization (TSSC design for multi-objective). This time could be further reduced by running our
simulations on a computer with a high computation power. In general, the time consumption and less
computation power were the major issues that restricted us to perform optimization for the limited
number of generations and population size. Our method offers a unique opportunity for design
optimization of building roof and TSSCs, however, the evaluation of our results is limited to the example
building. Moreover, there are a few challenges that should be addressed in future studies, as discussed

in the following section.

6 Discussion

Our proposed method allows performing a two-step design optimization, where building roof and
TSSC geometry can be optimized in consecutive optimization steps. The first-step optimization allows
accessing roof design in terms of type, slope, and orientation that can achieve maximum DNI. The
second-step optimization allows TSSC design configuration with respect to type, separation distance,
geometric ratio, size of the solar cell, and a number of modules, to maximize av.LMI and to minimize
roof covered area by modules. The exemplary application shows that the proposed method offers an
opportunity for integrative, collaborative, and concurrent design of building geometry and the TSSCs
as building-integrated energy systems in the early design stage. Thus, the method aims to help
designers to perform a broad variety of simulation-based analyses for design optimization of building
and energy system and facilitates performance-driven design generation. The method enables
parametric variation in the roof and TSSC design combines multi-objective optimization techniques
and suggests calculating several building-related and system-related performance indicators as key
objectives. In our previous study, we assessed the performance of several design options by manually

manipulating several building-related and TSSC-related design parameters [40]. However, the method
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proposed in this study demonstrates the process of design space exploration through parametric
modeling combined with multi-criteria optimization to find solutions that are good or sub-optimal. The
method is demonstrated using a single-family house in California. To understand how the decision
variables related to building and TSSCs are driving variables for certain key objectives, we optimized
a large design space featuring various combinations of roof slope, orientation, geometric concentration
ratio, solar cell receiver’'s width, number of modules, and separation distance between mirrors in TSSC
design as continuous, and roof type and TSSC type as discrete decision variables. Our method helps
finding the solutions that are good or sub-optimal in terms of maximizing the DNI as solar gain on
building roof, maximizing an av.LMI, and minimizing the covered roof area. The method allows to trade-
off between each objective, which can help the decision-making, for example, to decide on which
building design gains high solar irradiance, and what are good solutions in terms of high energy yield
(i.e., av.LMI), and small covered roof area. The method can serve as a guiding framework for informed
decision-making processes where experts from several different domains, such as building architects
and energy specialists are involved, having their own, domain-specific concerns. Unlike traditional
approaches for modeling such systems, the method proposed in this study allows multi-disciplinary
teams to work together towards automatically developing high-performing, self-sufficient building
designs, and high-performing energy system designs. The method helps the seamless integration
process of integrating TSSCs with building roofs close to satisfying and meeting several key objectives
at the same time. By applying multi-objective optimization, the method can significantly support the
quick and informed decision-making process by considering several conflicting design-related and
performance-related objectives. The method supports incorporating a broader variety of simulations in
different domains into the multi-objective optimization methods and leads to a more comprehensive

exploration of the solution space and provides better decision support for the designers.

However, there exist several key issues that should be addressed in future research. For
example, the proposed method is implemented using several tools that include Dynamo for parametric
modeling and optimization, SolTrace for optical simulations of TSSCs, Python for bridging SolTrace
and Dynamo, and R Cran for graphical representation of results, however, to develop such methods,

compatibility among tools remains a key issue. Moreover, the proposed method is not limited to these
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tools and can be implemented with other relevant tools available to designers and engineers. In this
study, we considered energy (i.e., av.LMI), and covered roof area, as key objectives of the system,
however, the application of the method can be extended to several other performance-related
objectives. For example, the fitness functions in the method can be modified with the inclusion of life-
cycle related aspects, environmental, social, or economical aspects. Moreover, we only investigated
the building design for higher solar gain in terms of DNI, however, a number of building energy
performance objectives could be included which are in conflict with the solar gain in particular surface
area to volume ratio (SV). A high SV ratio leads to lower solar gains, and this should also be explored
in future research by optimizing the building geometry for example to maximize DNI and minimize the
SV value. This could yield valuable insights regarding building energy performance and energy
efficiency. Further, the optimization problem can be extended by using several other decision variables
related to building design, such as building shape factor, surface area, volume, height, or to system
design such as material properties of mirrors and receiver and tracker choices. Further, in the discrete
decision variable choices, we considered three roofs (indices of 0 to 2) and four TSSC types (indices
of 0 to 3), several other types of building roofs, and design configurations of TSSCs can be added in

future research.

Moreover, we combined parametric simulations with a specific genetic algorithm-based multi-
objective optimization method (NSGA-II). However, several other evolutionary optimization algorithms
can also be used in future research which are widely used in building energy research fields such as
MOGA [50,51], micro-GA [26,27], MOE [52], GPSOA [53], hybrid-GPSOA [54], and trust-region-
reflective least-squares algorithms [55]. Another key issue with our method was that the generation
size was limited to 10 and population size to 30, due to limited computation power and large time
consumed in each simulation run. This time could be reduced by running the simulations on a high-
power computer. Further, the method should be tested for other generation size and/or larger
population number and the overall simulation time can be reduced by using cloud computing services.
Additionally, we used tools to implement the method which are extensively validated; however, we did
not verify the optimization results according to real data. In this study, the workflow is exemplified in

the climatic context of California and used the definitions of the USA energy codes for the simulation
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parameters. For the purpose of generalization of results, future work should test the proposed method
in other climatic contexts and for different decision variables as well as design and environmental
constraints. Additionally, the scalability of the proposed method can be extended to multiple buildings
and multi-family or multi-story buildings, and to larger districts. This could include the building design

optimization with aim of minimizing the shading of roof surfaces as one of design objectives.

7 Conclusions

This research proposes a two-step design optimization method that facilitates the integration
process of TSSC geometries with building roofs as renewable energy supply systems. The first-step
optimization allows designing an optimal roof for maximum DNI and a second-step optimization allows
designing optimal TSSC configurations for maximum energy yield in terms of av.LMI and minimum
space requirements in terms of covered roof area by modules. Thus, the method allows the optimal
design of both energy autarkic building and energy supply system collaboratively. The method
combines optimization algorithms with parametric models of building roofs and TSSC based on a
number of decision variables. In the parametric model, we considered several decision variables
related to the building (roof type, slope, orientation) and TSSC (type, geometric ratio, solar cell width,
module number, and separation distance between mirrors). Moreover, in the parametric model, we
applied the optimization algorithm, NSGA-II with an initial population size of 30, and generation of 10,
resulting in 330 runs of performance simulation. The proposed method is validated in an illustrative
case study of a single-family house (California). The proposed method allows to find a trade-off
between conflicting performance objectives in large design space and helps to identify the set of sub-
optimal solutions. Our results indicate that the method enables us to assess the performance of
different designs and search for the most appropriate design options. Our method helps finding optimal
roof and TSSC design configurations in terms of multiple and conflicting objectives. Ultimately, the
method can meaningfully support the decision-making process for a low-carbon intensive built

environment, where multiple stakeholders can work concurrently and collaboratively.
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