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ABSTRACT 

Optimization techniques and methods for selecting 

better solutions (as defined by the metric chosen) are 

becoming more common in simulation software. 

Several methods are available for energy consumption 

optimization:  parametric analysis, genetic algorithms, 

and examination of alternatives via the Pareto front.  

Optimization algorithms and design alternative 

methods, as offered in commonly used energy software 

programs, offer techniques for guiding designers 

towards “better” (less energy use) solutions. Processes 

for incorporating these existing tools into a designer’s 

workflow need to be examined, critically evaluated, and 

improved. This paper discusses an integrated design 

approach using a case study incorporating benefits of 

simulation and optimization techniques at different 

phases of a buiding design project to make knowledge-

based decisions efficiently. 

INTRODUCTION 

It has been shown that decisions made early in the 

design process can have a huge impact on the future 

energy consumption of a building and that because 

building information modeling (BIM) pushes the effort 

expended on a project earlier in the design timeline, 

there are more opportunities for analysis sooner. With 

increased awareness of the importance of designing 

high performance buildings, architects are looking for 

tools that evaluate analytical design choices and inform 

knowledgeable decisions at the early stage of design.  

However, it is not always easy or time efficient for 

professionals to explore sustainable design alternatives 

at this stage or at different scales of design. This is due 

to many considerations that could include a lack of 

awareness of energy saving potential of this phase, 

limited budget allocated to early design, and limited 

knowledge about optimization and parametric analysis. 

Parametric design and optimization techniques can 

makes this process quicker and provides results from a 

larger pool of options.These optimization techniques 

are those that have recently become available in 

software that architectural designers use and their 

consultants use.  Other methdologies based on Rhino 

and Grasshopper have great utility (Shi and Yang 2000) 

However, the tools are not directly contained contained 

within the energy software programs. Development 

made in other non-AEC disciplines is also not being 

discussed in this context. 

The methodology proposed has three steps that are 

further described in the methdology section: setting a 

design target, understanding site impact and analyzing 

different design, and exploring the finalized building 

geometry/mass using single parameter optimization and 

parametric runs and multi-objective optimization. The 

parameters considered for multi-disciplinary 

optimization include good day-lighting, high comfort 

levels, low operational carbon emissions, and reduced 

energy consumption and construction cost. 

TERMINOLOGY 

Several terms, although they have verify specific 

meanings in technical fields, are used more loosely by 

professionals when explaining their implementation in 

the design field. An attempt has been made to define the 

terms in ways that reflect their use in practice, but also 

hold more true to their “correct” meanings. 

Parametric analysis is a well-established technique to 

discover a design with most favorable characteristics 

(e.g. low loads, less energy consumption, most 

comfortable, etc.) by systematically adjusting variables, 

usually only a few of them at a time. In order to 

illustrate the cause/effect relationship, the results are 

often plotted on a graph allowing a designer to easily 

understand and choose a resolution.  Technically, 

parametric analysis is not an optimization method since 
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it does not explicitly test for a minimum or maxium 

value. However, it can be used as an optimization 

technique if the user intentionally and  usually 

methodically changes one value until another value 

reaches a high or low value. 

“Automated building performance optimization is a 

process that aims at the selection of the optimal 

solutions from a set of available alternatives for a given 

design or control problem, according to a set of 

performance criteria.” (Attiaa et al. 2013) There are 

several mathematical methods for finding an optimal 

solution including genetic algorithms (GA) and 

evolutionary algorithms (EA). They provide a 

framework by which solutions can be searched for 

within an infinite generative field of variation, in other 

words, a search space. Using these tools, the parametric 

system becomes the genome, the field of alternatives 

becomes the population, and the architect’s design goal 

becomes the fitness criteria (Miller 2011). One can use 

evolutionary systems to look for design solutions that 

meet certain criteria.  

Multi-objective optimization “is probably best thought 

of as a hybrid of parametric analysis and optimization.” 

For example, a designer might want to find an optimal 

window size (for a given climate and orientation) that  

lessened energy consumption but also provided 

maximum daylighting. In order to find an optimal 

solution, the two objectives (minimize energy, 

maximize daylight) would be given different weights. A 

set of curves could show these trade-offs to a designer. 

 The Pareto front is the set of solutions of the different 

weighting factors. The solution graph might include the 

entire set of points tested (the parametric analysis) that 

meets the objectives and satisfies the constraints creates 

a feasible region defined by the input constraints. The 

set of points that bound the bottom of the feasible 

region is the Pareto front (Haupt, R.L. and Haupt, S.E. 

2004). It is a curve that connects all optimal solutions 

for the defined objectives and constraints. The solutions 

investigated in non-dominated solution space using 

evolutionary algorithms leads to optimized solutions in 

a multi-objective functions space forming the Pareto 

front (Ciftcioglu, O and Bittermann, M). 

Passive optimization is what many designers think they 

do by creating several options, perhaps partial testing of 

then, and then intuitively determining a “best” solution. 

Those who have more knowledge and skill can draw 

upon years of practice of built projects of understanding 

what works and doesn’t, but generally, this is really not 

optimization, but experience of juggling myriad-

objectives into a workable resolution. Real-time 

simulation feedback can add important data to the 

intuition that arises from experience. 

PERFORMANCE BASED DESIGN: 

EXISTING TOOLS AND TECHNIQUES 

In a “traditional” mode of analytical modeling in 

architecture, a digital model is constructed, and then 

performance simulations are run.  The designer changes 

the model, creates another set of runs, and compares 

them against the base case. The feedback from the 

analysis informs the design. Another paradigm is for the 

software to not just supply a result of one calculation, 

but instead to help in either running of multiple 

parameters for analysis or “optimizing” the design for 

specific criteria.  Several methods are available for 

doing optimization:  parametric analysis (used as 

mentioned for directed goal finding), genetics 

algorithms, and the Pareto Front are discussed below in 

the context of software programs that use them for 

energy analysis.  These tools and techniques are to be 

used in addition to “intuitively” optimizing multi-

objectives.  

Parametric Analysis in Sefaira and DesignBuilder 

Parametric analysis can be performed with just one 

variable. It can be as simple as having a spreadsheet 

where the user methodically changes one value until 

another value reaches the targeted value. The example 

in Figure 1 shows a computerized version of 

understanding the impact of one variable (“angle” of 

brise soleil) in terms of annual energy consumption 

while keeping other parameters like ”separation” and 

”depth” constant. The example shows that for a range of 

-45 to 45 degrees, the energy consumption is lowest for 

+-25 degrees. 

 

Figure 1:  Use of Sefaira response curves to optimize 

the angle of a brise soleil 
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Note that the graph is not supplying all the data that the 

user of the software entered – Climate Zone 5B, 

Denver, CO. This could be very misleading if the graph 

is taken out of context (like this one is), and the results 

are given to another designer to work with. However, 

assuming that the inputs are known to all involved in the 

design of the brise soleil, this parametric analysis 

supplies important information without the designer 

having to input each case separately. Such analysis can 

be done in Sefaira for four categories: envelope, 

HVAC, water fixtures, and renewables. 

Another example of parametric analysis is to reduce 

energy consumption by understanding the correlation of 

any two variables. For example, correlation between 

window to wall ratio (WWR) and total energy 

consumption with different type of glazing types. These 

results are displayed as a series of parametric design 

curves calculated in DesignBuider (using the 

EnergyPlus engine). The design curves gives options for 

the designer up front to analyze and choose a WWR 

coupled with glazing types based on both aesthetics and 

performance (Figure 2). Note that the designer is not 

being coerced into chosing a single solution but is 

learning the consequences of different choices.  

 

 
Figure 2:  Parametric design curves illustrating the 

effect of different WWRs and glazing combinations on 

total energy consumption 

 

These types of design curves are very useful during the 

early design phase of projects to understand the effect 

of different variables on building performance and their 

sensitivity towards overall energy consumption. Their 

graphic nature make them more easliy understood to a 

designer than a chart of numbers. 

Although not technically an optimization technique, 

another way to understand sensitivity of different 

variables is the use of sensitivity graphs. The New 

Building Institute (NBI) has published a report that 

includes the impact of different variable in different 

climate zones by using an energy model to predict 

energy consumption (Heller et al. 2011). This is an 

incredible resource to understand which variables play 

an important role in a specific climate zone and should 

be targeted first to reduce overall energy consumption. 

These variables are divided into six main categories: 

envelope, lighting, HVAC, operations, occupancy, and 

other.  

Figure 3 shows impacts of variables in Climate Zone 5B 

(Denver, CO. Lowering the bar from 0% (green) shows 

how much energy can be saved from that particular 

variable. The bar above 0% (orange) shows how much 

penalty can be accrued from that variable. The height of 

the bar indicates the sensitivity of variable (higher 

means it has more sensitive and energy impact 

potential). 

 

 
Figure 3:  Sensitivity analysis for Climate Zone 5. 

Source: NBI 

 

There are limitations in finding optimal solutions using 

parametric analysis, for example, the number of 

variables that can be practically explored with single 

optimization objective (e.g. best comfort, low energy 

consumption etc.)  (Design Builder v3, 2014).    

Genetic Optimization in Rhino/Grasshopper 

Another form of optimizing techniques uses genetic or 

evolutionary optimization algorithms to explore locally 

optimal design solutions (Coello et al. 2007). This can 

be a more efficient way to find optimal designs 

depending on the problem and can solve for multiple 

conflicting objectives, for example, minimizing energy 

consumption while maximizing comfort levels or 

minimizing loads while also minimizing life-cycle costs. 

This is also called multiple objective optimizations. 
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The research and development on finding an optimized 

design is not only limited to a building scale but also 

includes larger elements like a site and smaller 

components. One example of optimization at the site 

level can be performed using SITEOPS. It provides 

rapid site evaluations, cost optimization, and value 

engineering. This tool is driven by parametric design 

elements, which allow objects to look and interact with 

each other. The designer can see the cost-based 

conceptual grading plan based on quick site layout. The 

project is submitted to SITEOPS server and 

optimization carried out online to find the best possible 

way to grade and do piping layout for this site in order 

to minimize cost implications (www.siteops.com).The 

other end of size spectrum deals with component level 

optimization. This includes optimizing external shades, 

light shelves, window tilt, etc. An example of this would 

be studying the depth of overhangs used with different 

glazing types with the objective of enhancing that 

performance of a space by minimizing loads and 

maximizing good daylight levels or some compromise 

of those variables. 

Many examples have been created using genetic 

algorithms.  An example done in Rhino 3d with DIVA 

optimized window size. DIVA-for-Grasshopper is a 

plug-in for environmental analysis that runs thermal, 

daylight, solar radiation, and glare simulations.It 

balanced the benefits of daylighting to save electrical 

energy (that would be used for artificial lighting) and 

the increased use of air-conditioning in the summer 

because of increased heat gain through a larger window 

(Wu  et.al. 2012). Galapagos is a generic component for 

the application of evolutionary algorithms. Even more 

sophisticated components, for example Octopus, are 

being developed that allow users to add multiple fitness 

values to the optimization and output 3D models of the 

solutions displayed in Octopus’ “objective-space 

viewport” (grasshopper3d.co/group/octopus). However, 

both Galpagos and Octopus require fairly sophisticated 

users with a good background in Rhino and DIVA.  

Pareto Front in DesignBuilder 

Building level optimization can be done in several 

software programs (already being used by energy 

consultants) including DesignBuilder’s optimization 

module. The DesignBuilder optimization module is 

used for multiple objectives that are of interest to the 

designer, but may be in opposition to each other, for 

example, minimizing energy demand normally leads to 

increasing capital cost. It addresses multiple objectives 

that are defined in the software and also deals with 

constraints to that optimization objective (e.g. minimum 

day-lighting criteria to meet, limited capital cost, 

discomfort hours allowed, etc). It shows the optimized 

solutions (Figure 4). 

 

 
Figure 4: Multi-objective optimization  

 

CASE STUDY 

With a range of parametric and optimization tools 

explored, a case study was then attempted to establish a 

design methodology that could benefit from the use of 

the software. Three steps were proposed: (1) setting a 

design target, understanding the local climate and its 

impact on the building, assessing resources, and 

performing sensitivity analyses; (2) understanding site 

impact; analyzing different design schemes from an 

energy and day-lighting perspective using real-time 

feedback; and (3) explore and optimize the finalized 

building geometry/mass using single parameter 

optimization, parametric runs, and multi-objective 

optimization techniques based on a Pareto front 

evolutionary algorithm. The schematic design (SD) 

phase of project might include steps 1 and 2, and design 

development (DD) phase may include step 3. Estimated 

time on these steps depends on project type, size, and 

context. The time goal on each step could be for step 1 

to take a day, step 2 should be integrated part of process 

getting real-time feedback, and step 3 for optimized 

results two to three days depending upon complexity of 

design and number of inputs.  

A fictitious building was placed on a site in Denver, 

Colorado: 150,000 sf open office, 25,000 sf retail, 

25,000 sf private offices, 30,000 sf utility space, and 

circulation (total 240,000 sf). Functional criteria and 

specific sustainable goals were set that included 

minimizing operational carbon emissions, minimizing 

construction cost, satisfying comfort criteria based on 

ASHRAE 55, and achieving the minimum day-lighting 

requirement criteria set by the designer. The major goal 

of the case study was to explore a sustainable workflow 

while incorporating multi-objective optimization 
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algorithms into the design process to make informed 

decisions. 

Step 1: Resource Assessment and Targets 

The process began with determining available 

resources, site context, climate analysis, solar 

insolation, and setting design targets. Climate 

Consultant provided weather data, targets were set 

based on Architecture 2030 goals (70% reduction from 

CBECS data) and the Target Fnder score (95 score). 

The 2030 Pallete was used as a resource to check out 

different sustainable design and planning strategies. 

National Energy Renewable Laboratory (NREL) 

generated renewable resource maps (biomass, 

geothermal, solar, wind and hydrogen) were also 

explored to assess resource available on site. As none of 

these items used optimization techniques, they are not 

described here in detail. A sensitivity analysis was done 

using the New Building Institute (NBI) published report 

(Figure 3). It clearly highlights that insulation, glazing 

U-value, and the mass of the building have major 

impacts in envelope category whereas selection of 

HVAC system, HVAC distribution, heat recovery, and 

sizing have higher impacts in the HVAC category. 

Step 2: Site Analysis and Sustainable Design 

Explorations 

Site analysis and the impact of neighboring buildings 

were studied using shadow range graphs and wind 

pattern studies. Shadow range graphs were made for 

three seasons (summer, winter, and fall/spring) that 

showed the impact of neighboring buildings’ shadows 

on the site (Figure 5). These graphs allow designer to 

make decisions based on “passive optimization” and 

intuition. They can make educated guesses as to where 

to place their buildings on the site to make use of 

available resources, in this case sunlight. For example, 

the footprint of building could be placed on a less 

shaded area of the site (marked as dotted zone in Figure 

5). Or, the building mass could be set to multiple floors 

to capture more direct solar radiation during the coldest 

months when the ground level of site gets shaded by 

neighboring buildings. 

Wind patterns were also studied to help position the 

building using Vasari. Neighboring buildings helped 

block the SE hot winds during summer whereas parts of 

site could still get NE cold winds at the same time. 

Complexity arrises when designers need to quickly 

evaluate their designs from a performance perspective 

in addition to other criterias they are juggling with, and 

“passive optimization” or intuition can give the wrong 

 
Summer 

 

 

 
Fall/Spring 

 

Winter 

Figure 5: Passive optimization – determining the least 

shaded area of the site for most solar heat gain 

 

result. This generally takes time to evaluate and hinders 

deliverables and workflow. There is a need for an 

analysis tool that allows designs to be quickly evaluated 

as they are designed. Sefaira was used in this case study 

to quickly evaluate different forms of the proposed 

building, essentially allowing the designer to perform 

parametric analysis (Figure 6).  

 

 

  
Figure 6: Building form, orientation, and façade 

explorations using Sefaira. 

 

Sefaira gives important real-time feedback on end uses 

of energy such as heating, cooling, lighting and 

appliances in addition to heat gains/losses, daylighting 

index, daylight autonomy, and annual sunlight 

exposure. This helps designers make informed design 

decisions about geometry and window-to-wall ratio. It 

also tracks how the design changes made an impact on 

energy usage and daylighting (Figure 7). 
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Figure 7: Sefaira - design change history 

 

In this case study, one scenario was moved to the next 

level of design development.  Although a realistic 

approach, a better one would be to provide several 

options because techniques used further on might 

necessitate a different choice of the current “optimal” 

design. 

Step 3: Single Form Single Parameter and 

Multidisciplinary Optimization 

Sesitivity parameters identified from NBI were then 

explored for effectiveness using Sefaira online platform 

for both individual impact and bundled impact (Fig 8). 

 

 
Figure 8:  Sefaira online optimization interface 

 

Individual parameters could be optimized using 

response curves for wall insulation, brise soleil, WWR, 

orientation, roof R-Value, glazing type, HVAC systems, 

natural ventilation, etc. Sefaira optimizes one parameter 

at a time. Therefore after the initial exploration, the 

model was exported to DesignBuilder optimization 

module, which gives flexibility to designer to optimize 

(with the addition of parametric analysis) their building 

on multiple objectives at once. DesignBuilder was then 

used to determine the façade, construction, HVAC 

systems, lighting and related controls of the building. 

One typical floor was used as an example, and changes 

were then applied to the whole building. 

 

There were two objectives at this design stage: 

minimize construction cost (in British pounds) and 

lower operational cost (in terms of carbon dioxide - 

CO2 emissions). Several parameters were tested. These 

parameters were selected as subsets. Unfortunately it 

lead to a decoupling of variables that might have had a 

strong influence on each other. A future study could 

determine in the order or choice of the subsets used 

actually hindered (and by how much) reaching a better 

solution. However, in this case, subsets were used in 

order to minimize computational time calculating 

optimized results from multi-objectives and preventing 

the software from crashing.  

 

The first subset were chosen to reduce external loads 

through envelope and construction. Then internal loads, 

HVAC system and controls were optimized. The first 

subset was the façade; window wall ratio (WWR), 

glazing type, and shading type parameters were studied 

for a “optimal” solution. The range of WWR was set to 

20-100%, and there were eight different double glazing 

types, electrochromic glazing, six types of triple 

glazing, four types of louvers, and four types of 

overhang systems selected for testing (Figure  9). 

 

 
Figure 9:  Parameter settings for façade optimization 

 

The objectives were to minimize the number of 

uncomfortable hours (maximum 200) and provide 

nothing less than the minimum day-lighting criteria 

(Daylight Factor >= 2%) (Figure 10). 

 

 
Figure 10:  Constraints for optimization (typical) 

 

The DesignBuilder module calculated solutions based 

on Pareto front evolutionary algorithm. Optimal 

solutions in this case would be a WWR with the best 

suited glazing and shading type to reduce both 

construction and operational cost by minimizing cooling 

load, heating load, and maximizing daylight penetration 

(Figure 11). Each simulation performed is shown as a 

dot with construction cost on the y-axis and CO2 

emissions on the x-axis. The dots in red (along the thick 

line) form the Pareto front and indicate best solutions 

based on objectives and constraints selected.  
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Figure 11:  The façade parameter combinations of 

optimized solutions that lie on the Pareto front. 

 

Over 2000 simulations were carried out to get a set of 

about 20 solutions. Out of these, designers can select 

the options and combinations that suit their overall 

design goals. For example, if designer has a preference 

(for example, for potential day light harvesting to have a 

WWR around 65% and minimize the operations cost as 

a second criteria, then iterations 795, 2189 or 1953 

could satisfy these conditions. In this case, the designer 

chose 35% WWR with double glazing, and a 1’ louver. 

These changes were updated in simulation model, and 

an annual simulation was run. 

 

The next step was to explore construction assemblies. 

Eleven different types of wall constructions, eight types 

of roof constructions, infiltration (range: 0.2 - 1.2), and 

four different types of floor constructions were used as 

testing parameters. WWR with a smaller range (20-

65%) and three types of best performing glazing types 

from the previous step were also included as parameters 

at this stage. 15 better solutions out of over 1000 

simulations for construction assembly formed the Pareto 

front (Figure 12) that meet those objectives (minimize 

construction and operations cost) under the constraints 

specified in Figure 10.  

 

In this case, the designer gave more importance 

(weight) to both reducing operations cost and aesthetics 

and chose the option that minimizes it keeping the 

WWR in range of 20 – 65%.  R-30 SIPS wall along 

with phase change material layer to outside with 

infiltration value of 0.5; double glazing with electro-

chromic glazing on the west façade and WWR as 30% 

was considered as the optimized solution to move 

forward with to next step. 

 
Figure 12:  Construction optimization results 

 

Once parameters dealing with external loads were 

decided upon, the focus then shifted to internal loads, 

HVAC system, and controls. Figure 13 shows the 

results of the first stage of this category: HVAC system 

(7 different system types), lighting type (10 different 

lighting types), and related controls including external 

window openings and heating and cooling set points. 

The designer chose central plant with condensing 

boilers and chillers, radiant floor and chilled ceiling as 

distribution method, natural ventilation integration for 

summer months, LED lights with linear controls, 

heating SP as 68 F and cooling SP as 76 F. These were 

chosen because they had the least operational costs. 

 

 

 

Figure 13:  HVAC and lighting optimization results 

 

The final stage of the optimizing of the building was the 

fine-tuning of the control systems, which included the 

percentage of external window opening, schedule, 
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natural ventilation set point temperature and max 

temperature difference, mechanical ventilation set point, 

cooling and heating set points (Figure 14).  

 

 
Figure 14:  HVAC control optimization results 

 

All identified optimized strategies dealing with facades, 

construction, HVAC, lighting and controls on typical 

floor were then replicated on all floors of the building, 

and an annual simulation was run to calculate EUI. 

CONCLUSION 

The EUI of the case study was reduced from 76.2 

kbtu/sft-yr to 24.89 kbtu/sft-yr (67.3% reduction), and 

the construction cost was reduced from 19.2M GBP to 

17.66M GBP (8% reduction).  This is in comparison to 

typical code office building in Denver. What is critical 

for this research topic is not the amount of saving of 

energy predicted, but the integration of parametric 

analysis and optimization tools (within existing software 

programs) in the design process. The tools shown do 

not usually just give one answer, but provide multiple 

solutions that provide flexibility to the designer to 

choose what he considers as the best solution based on 

project constraints. 

 

These tools are constantly improving their capabilities 

and becoming more user friendly. However there were 

many issues that were faced during the case study. 

Constraints options at specific building parts lead to 

software crashes; construction cost could only be 

assessed in GPB (not US dollars), and operational cost 

in CO2 emissions (not cost from utility rate structure); 

“steps” defined to provide range of values was not fully 

integrated; flexibility in exploring optimization results 

was limited and performing optimization with multi-

objective inputs was time consuming.  There is no 

feedback from the later decisions to early ones 

(especially cross software platforms) where the inter-

relationship of the parts of the buildings is not properly 

considered. For example, perhaps a different, non-

optimal form, chosen during the first step might have 

contributed to a better HVAC system being chosen 

downstream leading to even more savings. 

 

The design process is based on a series of digital and 

analogue tools that help architects simulate, manage, 

synthesize, and balance the huge amounts of 

information that they need to work with. Newer tools 

with multi-objective optimization capabilities can help 

designers make informed choices.  But not only 

architects - consultants, engineers, contractors, facilities 

managers and others face similar design optimization 

problems, but with different concerns and software tools 

available. And the building after completion should be 

able to fine-tune itself. 
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