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Abstract: Planning requirements in terms of energy efficiency and daylighting 
strongly contribute to shaping the layout of cities. Direct solar access is the main 
requirement of the right to light in Estonia. Direct sunlight hours on building fa-
cades can be calculated by using environmental simulation software that also 
allows right-to-light analysis through the generation of the Solar Envelope. It is 
a method for calculating the maximum buildable volume that allows neighbors 
to receive the required amount of direct sunlight in a specific period of the year. 
The Solar Envelope can be determined on paper or more easily using simulations. 
The methods used by actual environmental software have significant limitations 
if used in complex urban environments. This paper discusses the potentialities 
of multi-objective optimization tools to generate Solar Envelopes for multiple 
facades with different orientations and specific amount of direct solar access re-
quirements. The results show the superiority of the developed method that inte-
grates parametric design, environmental simulations and multi-objective opti-
mization, compared to existing methods.
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INTRODUCTION
Natural light is one of the main factors affecting 
the physiological and psychological well-being of 
inhabitants of living environments. Natural light 
enters buildings in different ways: as direct so-
lar radiation, diffused by the sky and the clouds, 
reflected by the surroundings. Direct solar radia-
tion is considered to be the most valuable source 
of natural light in residential premises for its 
quantity, quality and distribution potentialities. 
The quantity is the necessary illumination need-
ed to perform specific tasks with ease and com-

fort. The quality is the property characteristic of 
natural light to illuminate the interiors with the 
full spectrum of the visible portion of the electro-
magnetic radiation [1]. The distribution uniformity 
is guaranteed by a sufficient quantity of natural 
light and by proper interiors and windows layout 
that diffuse it first where it is more necessary [2]. 
Planning requirements, different from country to 
country, are set to guarantee sufficient natural 
lighting in residential premises. 
The present work is based on the necessity to 
tackle specific problems encountered during a re-
search conducted using computational and envi-
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ronmental tools to analyze the potentialities of in-
fill of existing residential area located in the soviet 
era quarter of  Mustamäe in Tallinn (Lat. 59°26’N 
Lon. 24°45’E), Estonia. Direct solar access is regu-
lated in Estonia by the standard “Daylight in dwell-
ings and offices” [3]. The requirements state that 
new constructions cannot deprive the direct solar 
access of existing surroundings of more than 50% 
on a daily basis. The requirements concern the 
period from 22nd of April to 22nd of August.
When designing the masses of new building that 
has to guarantee a required direct solar access on 
existing neighboring facades, the Solar Envelope 
method is an intuitive approach for the definition 
of the maximum volumes [4]. Differently than oth-
er regulations that use the setbacks method, the 
Solar Envelope is based on the characteristics of 
size, orientation and location of the building that 
will not cast shadows on the surroundings for a 
given timeframe and period of the year [5]. 
The calculations for the determination of the So-
lar Envelope can be done on paper using the data 
of the solar azimuth and elevation at the desired 
hours of the day and cut-off dates [6]. However, 
the calculation on paper is a long process and very 
imprecise for urban environments. Nowadays 
many CAD and parametric software that integrate 
environmental simulation tools include the pos-
sibility to calculate Solar Envelopes automatically 
[7, 8]. It is an easy procedure that requires few in-
puts, among which the main are: latitude of the 

area; boundaries of the neighboring buildings or 
baselines of the facades not to be shaded; bound-
ary of the Solar Envelope; cut-off dates of the year 
and the desired start and end time of direct solar 
access that has to be guaranteed every day on the 
facades of the surrounding buildings. The result 
is a complex shape envelope that can be used as 
a volumetric limit to design one or more buildings 
with the desired layout, the mass of which does 
not have to exceed the Solar Envelope.  
A significant limitation of the above mentioned 
method to generate Solar Envelopes used by 
state-of-the-art simulation software is repre-
sented by the daily start and end time of the cut-off 
period to determine the required number of direct 
solar access hours. Although it works for a sin-
gle façade without surroundings, it is not efficient 
if used in articulated urban environments where 
different facades need specific amounts of direct 
solar access. To guarantee the same right-to-light 
for different orientations’ facades it is necessary 
to consider different start and end time durations, 
one per façade, of the same cut-off period, or a 
method to generate the Solar Envelope based on 
the different actual quantities of direct solar ac-
cess hours.  Due to the complexity of the urban 
environment subject of the studies and the big dif-
ference of actual direct solar access hours on the 
different buildings’ facades (Figure 1), an alterna-
tive and more efficient method is developed.
The author proposes a method to generate So-

Figure 1: 
Direct solar access hours 
simulation (min. values) 
for the main facades of 
the buildings in the whole 
area of study.  
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lar Envelopes that take into account multi-di-
rectional direct solar access requirements for 
complex urban environments. This method has 
been developed for the project of assessment of 
the potentialities of in-between construction in 
existing residential areas in Tallinn, integrating 
direct solar access hours calculations through 
computational environmental simulations, Solar 
Envelopes generation using parametric design 
and multi-objective optimization plug-in. The 
algorithm is designed using the visual program-
ming tool Grasshopper for Rhinoceros 3D mod-
eling software. The environmental simulations 
tool used for the calculation of the direct sun 
light hours in Grasshopper is Ladybug [9], based 
on the sun-path scripting function of Radiance, a 
validated lighting simulation tool [10]. The multi-
objective optimization plug-in used is Octopus [11] 
that permits to apply evolutionary design princi-
ples in Grasshopper.

METHOD
The method described is applied to one group of 
four housing buildings of the whole study location. 
The four buildings of five floors of three meters 
each form an open boundary with an area in-
between on which the Solar Envelope has to be 
calculated. The facades are oriented South, East, 
West and North-East. The area is 8 meters away 
from the buildings for fire security regulations. 
The buildings facades are divided in modules of 

3x3 meters, each one with a window that in the 
simulation model is a node, i.e. a sensor for the 
computation of the direct sun light hours.

Actual Situation
First, the total direct solar access hours in the 
actual situation for the given period from 22nd 
April to 22nd August on the facades surrounding 
the area are determined through simulation of the 
sun-path and relative sun vectors. Second, after 
splitting the direct solar access hours for each of 
the 123 days of the analyzed period, the minimum, 
the maximum and the averages values are cal-
culated for each façade/node/day. The minimum 
values are used in the development of the method 
because these are required by the standard (Fig-
ure 2). Since the Solar Envelope uses the baselines 
of the surrounding facades as the right-to-light 
start point and in a complex urban environment 
the lowest floors receive the least light, the mini-
mum direct solar access hours values of the first 
floors nodes are used as the target. This guaran-
tees that the least exposed portion of the façade 
also gets the necessary quantity of 50% of direct 
sunlight hours compared to the actual situation. 
Having determined the minimum quantity of di-
rect solar access hours on the first floor of each 
facade’s module in the actual situation, the values 
are reduced by 50%, which is the minimum re-
quired by the Estonian standard.

Figure 2: 
Direct solar access hours 

simulation (min. values) 
for the four facades  

surrounding  
the in-between area.  
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Existing Method
For comparison and evaluation of the proposed 
optimization method a Solar Envelope is gener-
ated with the existing method using two proce-
dures. The required minimum number of hours 
previously calculated, is used to determine the 
different start and end time per façade in the cut-
off period. Since the existing method requires only 
one time range, the time ranges of each facade 
are merged into one period. The baseline for cal-
culation is one single contour for all the facades. 
The base of the Solar Envelope is the border of the 
area. The resulting Solar Envelope is a surface, 
defined by a three dimensional grid of points, used 
to build the underlying volume of 18.115 m³ (Figure 
3 left). This allows much more than the required 
50% of minimum direct sun light hours on the sur-
rounding facades, as exemplified by the deviation 
between the simulation with the Solar Envelope 
and the existing situation, done on the sample 
nodes on the first floor facades (Table 1).
The second procedure is an advanced use of the 
existing method. It splits the generation of one 
single Solar Envelope into as many as the number 
of the surrounding facades and merges them in 
one resultant volume. For each façade its own 
time frame is used. The facades’ baselines are one 
line for each façade. The outputs are four three-
dimensional grids of points, one for each Solar 
Envelope. Consequently the four grids are merged 
into one, selecting the corresponding points of the 
grid with the lowest Z coordinate through a selec-
tion algorithm. The lowest Z values guarantee that 
each facade node receives the minimum direct so-
lar access required. The resultant grid of points is 
used to generate the top surface of the Solar Enve-
lope with a volume of 45.995 m³ (Figure 3 right).

The resultant Solar Envelope is much larger than 
the one generated with the basic existing meth-
od. Nonetheless, the direct solar access hours 
on the surrounding facades are still significantly 
more than the target of 50%, as exemplified by 
the deviation of minimum direct sun light hours 
(Table 1). Therefore both the existing methods un-
derestimate the buildable volume represented by 
the Solar Envelope.

Multi-objective Optimization Method
Due to the inadequacy of the existing method to 
generate Solar Envelope for complex urban en-
vironments and for different time ranges, a new 
method is developed that uses the actual amount 
of direct solar access hours on the facades and 
multi-objective optimization through the Octopus 
plug-in for Grasshopper. The evolutionary soft-
ware looks for the best trade-offs between mul-
tiple fitness values (objectives), breeding multi-
ple genes during a process of evolution through 
generations. It uses the Pareto principle that al-
locates optimal distribution of resources, in which 
one characteristic can be improved if another is 
degraded. This way, optimized solutions are gen-
erated. These present a range of trade-offs of the 
resources among which one can select the most 
efficient for the design task.
The developed method uses three objectives. The 
first derives from the Estonian standard described 
[3]. It is the deviation between the sun light hours 
obtained by simulation with each Solar Envelope 
and those required, which are 50% of the exist-
ing situation. The same cut-off period from 22nd 
of April to 22nd of August is used, but a start and 
end time per façade are not required. The objec-

Figure 3: 
Existing method Solar 
Envelope (left). Existing 
advanced method Solar 
Envelope (right). 
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tive (Zopt) is to minimize the sum of the absolute 
values of the deviations between the number of 
direct sun light hours for each node (X1; X2;… Xn) 
and the targets (T1; T2;… Tn) that are the minimum 
direct sunlight hours required on the correspond-
ing nodes (ends of all the facades and centers of 
the long ones) at each iteration of the evolutionary 
solver (Equation 1).

The second objective is to maximize the volume 
of the Solar Envelope. The third objective is to 
maximize the sum of the minimum direct sunlight 
hours per facade/node/day calculated over the en-
tire period on all the first floors nodes. These ob-
jectives have been selected because the scope is 
to find the biggest possible Solar Envelope shape 
that allows for the required minimum direct sun-
light hours on the surrounding facades.
The Solar Envelope that the algorithm evaluates 
at each iteration of the multi-objective optimiza-
tion solver is a Mesh built using the parameters 
of position and height of 9 points. These points are 
the four corners of the area, four points that can 
move along the edges and one point that can move 
in the two X and Y directions inside the area. The 
positions and heights of the points are the genes 
used by the evolutionary software.
The result of the evolution process after a number 
of generations is a three- dimensional grid of the 
optimized trade-off solutions, the fittest non-
dominated Pareto-front, the elite ones and the 
last in the evolution history.  The three axes of the 
grid represent each objective of the optimization: 
X the direct sunlight hours’ deviation, Y the vol-
ume of the Solar Envelope and Z the sum of the 

minimum direct sunlight hours. The fittest so-
lutions are those closer to the origin of the grid 
and to each axis for every specific objective. For 
the evaluation of the method, three solutions are 
selected among the Pareto-front (A, B and C), 
with different objectives’ trade-off optimizations  
(Figure 4). 
Solution A presents a direct sunlight hours’ devia-
tion of 4, a maximum volume of 139.100 m³ and a 
total amount of minimum direct sunlight hours of 
427. The corresponding values of solutions B and 
C are 6, 169.298 m³, 325 and 8, 202.725 m³, 267 re-
spectively (Table 1). From the three-dimensional 
grid solutions’ items, the Solar Envelopes are re-
instated in the 3D modeling software (Figure 5).
All three Solar Envelopes selected present larger 
volumes compared to those generated with the 
existing methods (Table 1). 
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Figure 4: The three 
dimensional grid of the 
multi-objective optimi-
zation method with the 

different objectives on the 
three axes: X the direct 

sunlight hours deviation, 
Y the volume of the Solar 

Envelope and Z the sum of 
the minimum direct sun-

light hours. The items are 
the optimized solutions. A, 

B and C are the Pareto-
front solution selected for 

the method evaluation.

Figure 5: 
The three Solar Envelopes 
selected among the solu-

tions generated by the 
multi-objective optimiza-

tion method.
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With the increasing volume size, the minimum 
direct sunlight hours’ deviation also increases 
(absolute values) and the sum of minimum direct 
sunlight hours decreases. The outcomes show 
that the Solar Envelope A is the most efficient. It 
presents the smallest deviation and is 7.6 and 3 
times bigger than those generated with the exist-
ing methods (Table 1).

CONCLUSIONS
The simulation tools for generating Solar Enve-
lopes available in the actual environmental design 
software have significant limitations when used in 
complex urban environments and for specific re-
quirements of direct sunlight hours. The limita-
tions result from the use of a start and end time 
for the days of the cut-off period. The Solar En-
velope generated to evaluate the maximum build-
able volume on a designated area is smaller than 
what is allowed. This way, its mass allows more 
than the required minimum number of hours of 
direct solar access on the neighboring facades 
but the possible buildable floor area in the plot is 
underestimated.
The method developed by the author using algo-
rithmic parametric design and multi-objective 
optimization software has proven to be superior 
when compared with actual simulation tools. The 
advantage of this method is the possibility to use 
the actual amount of direct solar access hours 
for each façade of a complex urban environment. 
The improvement lies in not being bound to the 
start and end time used in the exiting methods 
that is a user input and not obtained by simula-
tion. This way, the Solar Envelope is optimized for 
the shape, orientation, obstructions and specific 
direct sunlight hours requirements of each neigh-
boring façade. 

The utilization of the required amount of direct 
sunlight hours and the Solar Envelope volume as 
the multi-objective optimization software consti-
tutes the big potentiality of the developed method. 
The three Solar Envelopes are more efficient be-
cause they permit a much larger buildable volume 
with small deviations of the values of the minimum 
direct sunlight hours required. Future work for 
the improvement of the method is the optimiza-
tion of the objectives related to the direct sunlight 
requirements and the Solar Envelope volume, 
and to increase the number of control points of 
the Solar Envelope to generate a more accurate 
shape. This will eliminate the small discrepancy 
in the required direct sunlight hours, while still 
maintaining the possibility to generate maximized 
volume Solar Envelopes. 

Table 1:
Data comparison between 
the analyzed types of 
Solar Envelopes.

Solar Envelope type
Existing 
method

Existing dvanced 
method 

Multi-objective 
optimization A

Multi-objective 
optimization B

Multi-objective 
optimization C

Direct sunlight hours’ 
deviation 21 18 4 6 8

Volume of the Solar 
Envelope (m³) 18.115 45.995 139.100 169.298 202.725

Sum minimum direct 
sunlight hours 648 607 427 325 267
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