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Abstract

This investigation proposes a 7-steps multi-performance
method for urban densification and applies it to an existig
urban block located in Tallinn, Estonia. This design
workflow has two main features lacked by previous
methods: (1) flexible, easy-to-use and fast, minimizing
the dependence on time-consuming simulations with need
of daylight and dynamic thermal modeling/simulation; (2)
performance-driven differentiation of the FAR metric (i.e.
room area, daylight, SA, and overheating protection
levels). It was used to find the optimal densification
strategy depending on 7 different design criteria defined
as trade-offs between: floor-area ratio, daylight provision,
solar access, and outdoor thermal comfort.

Highlights
Method useful for renovation and early design stages
Definition of FAR metric for different building uses

Performance-driven classification of indoor spaces
Comparsion between building footprint layouts

Introduction

The 80% of the world population will live in cities by
2030 (Sanaieian et al., 2014). By 2050 European urban
regions will provide a home to almost half of the total
projected European population (Eurostat, 2016). Cities
will need to be densified whether by re-massing exiting
urban areas and/or creating new urban blocks for different
building uses. During the urban densification process,
urban planners and designers can face several challenges
related to sustainability aspects. One of the main
sustainibility aspects apart for the energy consumption in
buildings (European Commission, 2010), is to reach a
balance between indoor and outdoor thermal comfort (De
Luca et al., 2021b). Daylight provision and solar access
(European comission, 2018) are two key factors of human
health in buildings (Duffy and Czeisler, 2009; Lockley,
2009), as they influence on circadian cycles and human’s
psychological and physical well-being (Batool et al.,
2021). The achievement of daylight provision is often in
conflict with summer thermal comfort (SepUveda et al.,
2020). Therefore, a sustainable urban desification could
be a real challenge, even for experience practitioners if a
suitable design workflow is not applied.

Building massing techniques

Focused of the generation of new building masses within
a plot located in an existing areas, there are several

methods direct or indirectly related to the well-know
concept of the solar envelope (SE), which is the maximum
buildable volume on a plot that ensures the fulfilment of
a certain level of solar access of the surrounding buildings
(Knowles, 1980). Recent investigations proposed 3D
voxel-based methods to optimize the new building
massing considering not only SA (De Luca et al., 20213;
Sepudveda and De luca, 2020), but energy consumption of
the existing buildings (De Luca and SepUveda, 2023;
SepUdveda and De Luca, 2022a).

Building clustering techniques

There are a wide variety of strategies to conduct building
clustering in new urban areas. Novel approaches uses
multi-objective evolutionary optimization (Wu et al.,
2021) and combination of parametric and machine
learning techniques (Feng et al., 2019). In addition, solar
radiation and energy have been often considered as
objective variables (Natanian and Wortmann, 2021;
Wang et al., 2020; Xia and Li, 2021). A recent clustering
method for residential buildings was applied to balance
floor-area ratio and SA in different climatic contexts
(Sepdveda and De Luca, 2022b).

Novelty and aims of the investigation

Despite of the existance of massing techniques and
clustering methods, they mostly lack of the following
features, which will be beneficial in future urban
densification process: (1) flexible, easy-to-use and fast
workflows to somooth the learning curve that could be an
important barrier for the user in practice (Nault et al.,
2018); (2) performance-driven differenciation of the FAR
metric (i.e. room area, daylight, SA, and overheating
protection levels). Therefore, in order to fill this research
gap, this investigation aims of this investigation is as
follows:

- To propose flexible multi-performance design method
for urban densification that combines SA assessment, and
reverse solar envelops and easy-to-use and fast prediction
formulas (SepUveda et al., 2022a) to maximize daylight
provision and assess overheating risk levels in indoor
spaces without relying on time-consuming daylight or
indoor thermal simulations,

- To apply the proposed workflow to an existing urban
block located in Tallinn, Estonia in order to find the
optimal densification strategy depending on trade-offs
between the level of outdor thermal comfort, densification
level (FAR), and its potential building use (classified by
room depth and SA fulfillment).
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Methodology

We proposed a flexible design workflow based partially
on simulations and implemented as Grasshopper plug-ins
for Rhinoceros (only for SA, obstruction angles, and
outdoor thermal comfort, not for daylight provision or
summer thermal comfort). The steps of the workflow are
shown in Figure 1:

- Step 1: The generation of the trimmed reverse solar
envelope (tRSE) within the urban block plot;

- Step 2: The designer should define different massing
proposals according to different design criteria;

- Step 3: Outdoor thermal comfort assessment to evaluate
the impact of the different massing strategies to the level
of comofort in the outdoor areas;

- Step 4: SA and obstruction analyses needed by the
prediction formulas;

- Step 5: Facade optimization consisting on the definition
of the optimal glazing properties (g-value and Tvis) for
each potential room in order to maximize the indoor space
with enough daylight provision according to the
designer’s criterion;

- Step 6: Indoor space classification per building use
(residential, office, and auxiliary/retail) depending on the
room depth and SA level.

-Step 7: Selection of the building massing strategy whose
overall performance is based on FAR related to different
building uses when different design criteria.

Urbs
‘Il"l':'llﬂ[‘ll' tRSE Massing Outdoor thermal
studsy generation proposals comfort analysis

SA OA
analysis analysis

Facade
optimization

v
Space Multi-criteria
classification decision

Optimal massing

Figure 1: Steps of the multi-performance method for
urban densification proposed in this investigation. SA=
solar access, OA= obstruction angle.

Urban area and climate

Our case study is an existing urban block located in
Pelguranna neighbourhood located in north-west part of
the capital of Estonia, Tallinn. The urban block has 12
residential buildings (Figure 2) of height ranging from 13
to 24 m. (Lat. 59.451- N, Lon. 24.693- E). Tallinn has a
warm summer humid continental climate (Dfb) according
to Kcppen-Geiger classification (Climate onebuilding,
2022). The average annual temperature is +6.4<C and the
average temperature during the warm season is +16.2<C
(Estonian Weather Service, 2021).

Prediction formulas and simulation parameters for
outdoor thermal comfort simulations

The main novelty of the proposed method is the
integration of calibrated formulas to predict daylight
provision and summer thermal comfort (step 5 of the
workflow). The first one is expressed | terms of the
minimum Daylight Factor (miNDF in %) of the first half
of the reference plane close to the window side as defined
in method 1 by the EN 17037:2017. The first one is
quantified in terms of the degree-hour (DH) metric
(in °C$) proposed by Estonian regulations (Estonian
Government, 2015). The maximum allowed DH value in
a room depends on the building use according to Estonian
rules: 150 °C H and 100 °C H for residential and non-
residential uses, respectively.

Figure 2: Aerial of the urban block studied located in
Pelguranna neighbourhood, Tallinn, Estonia (Google
maps, 2023).

Although, the DH prediction formula (2) was calibrated
for Estonian residential buildings, it could be a useful way
to compare how much a room would be relatively
overheated compared to others just comparing their DH if
they were residential rooms. The minDF prediction
formula could be expressed as Eq. 1-2 to calculate the
maximum room depth of a room (from which we know
the glazing properties/size and room width) that fulfils
minDF> 2.2% (minimum level of recommendation
according to the EN 17037:2018) (Sepuveda et al.,
2022a).
WWRrhe(aTvis+b)(cO+d) (1)
minDF.—f (aTvis+b)(c6+d)
DHori = A(g) - [C(6) - g(WFR) + D(0)] + B(9) (2)
g(WFR) = (e, -WFR?> +e,-WFR+e;) (3)

Tdmax =

Th
WFR = (Z) wwR @)
where:
o 7rdpae = mMmaximum room depth (m) to ensure
minDF>minDF_;

o WWR= window-to-wall ratio (%);
e rh, rd=room height, room depth (m);
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Tvis= Visible transmittance of the glazing system (%);

WFR= window-to-floor ratio (%);

6 = mean obstruction angle (°);

g = g-value of the glazing system (-)

DH,,; = Degree-hour related to the room orientation

Ori (°C h);

e a b, c d e f a, a, by by c1, o di, dr = fitting
coefficients for daylight and DH prediction
(SepUveda et al., 2022a)

For the outdoor thermal comfort assessment, we used the

well-known metric PET, which is based on the human

energy balance model MEMI and includes the
physiological thermoregulatory processes of human
beings to adjust to a climatic situation outdoors. The
analysis time was the hottest time during the summer of
2014: 31.07.2014 at 12 pm. Specifically, the metric of
interest in this study is the percentage of area with a PET
between 18< and 23< considered as the range of
comfortable thermal sensation. We calculated PET
distributions for the different massing strategies using the
validated software ENVI-met. The simulation parameters
are displayed in Table 1.

Table 1: Meteorological data and basic personal
parameters for PET calculations in ENVI-met.

35,75kg, 1.75 m

Age, weight, height,

Clo, metabolic rate 0.10,80.21 W
(standing position)

Min-Max air temperature 17-30C

Min-Max relaive  42-100%

humidity

Wind speed at inflow 7.2m/s

border

Wind direction at inflow 202.5°

Roughness length 0.01m

Specific humidity in 2500 8 g/kg

m (g/kg)

Multi-criteria evaluation method

Within all building massing strategies (step 2), the
selection of the best one could depend on many aspects or
design criteria. We defined the best massing strategy as
the one whose Overall Performance (OP) (Eqg. 5) is the
highest among the tested strategies. OP is defined as the
sum of 4 terms, which are related to: conventional FAR
value (FAR), FAR associated to residential/office spaces
(FARR/ FARo), and average PET value of the outdoor
areas (PET). All these terms were normalized by the
maximum value considering all the massing strategies. In
addition, these fractions were weighted by factors (a, 8,
y, and &, whose sum is 1) making the OP metric to range
between 0 and 1 (representing the worst and the best
massing strategy for any design criterion).
OP=q FAR B FARR FARQ Ac
maxFAR maxFARR

maxFAR A (5)
0 maxAc

where:

e OP= Overall performance (-) (0: worst massing
strategy, 1: best massing strategy);

e FAR= Floor-area ratio (-);

e FARy= floor-area ratio related to spaces with enough
daylight provision (minDF>minDF_), enough solar
access (SH>minSH), and rd>3.5 m (-);

e FAR,= floor-area ratio related to spaces with enough

daylight provision (minDF>minDF,), not enough

solar access (SH<minSH), and rd>3.5 m (-);

Tvis= Visible transmittance of the glazing system (%);

A= percentage of the outdoor area with a comfortable

PET range (18-239 (%);

e a,f,y, and & = weight coefficients related to

different design criterion (Table 2) (a + B+ y + 6 =
1).
In line with the aims of this investigation, we were
interested into find the optimal densification/massing
strategy depending on 7 design criteria (Table 2) based
as the following trade-offs between the variables
explained in this section: FAR (C1), outdoor thermal
comfort (OTC, C2), FAR-OTC (C3), FAR-residential
(C4), FAR-office (C5), FAR-indoor comfort (C6),
FAR-indoor/outddor comfort (C7).

Table 2: Weight coefficients (Eq. 5) for each considered

design criterion.

Design a B Y o
criterion (-) OO INC)
C1 1 0 0 0
C2 0 0 0 1
C3 1/2 0 0 112
C4 2 12 0 0
C5 1/2 0 12 o0
C6 3 13 13 0
c7 14 14 14 1/4

Results and discussion

The structure and the content of this section is in line with
the steps of the proposed design workflow defined in
Figure 1.

Step 1: tRSE generation

The tRSE can be generated on the block plot by using the
component GenRSE, which is contained in the GH pluf-
in Solar Envelope Tools (SET) used in previous
investigations (SepUveda and De Luca, 2022c). This
component generates the RSE and the “trimmed” RSE
(tRSE) from inputs: sorted and selected sun vectors from
each surrounding window (SunSelVect and Windows)
from the component SunVectSel (VectorsSel=1,
VectorsType=2, VectorsSum=1.5 h/d =minimum level of
SA according to the EN 17037:2018), maximum height
(MaxHeight=28 m), and 3D cell dimensions
(GridSizeX/Y=5 m and FloorHeight= 3.5 m). The tRSE
represents the centroids of the cell caps located at the
maximum height for each XY subdivision with
uninterrupted continuity from the plot surface until these
bottom cells of the RSE volume. Thus, the volume under
tRSE is always equal or lower than the RSE volume,
eliminating the classic hourglass shape of the RSE (Figure
3). Nevertheless, the graphical representation of the tRSE
and the existing buildings is therefore, a simple and quick
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way to identify which buildings of the urban block are
blocking too much sunlight to the surrounding buildings,
so some of are not fulfilling the minimum level of SA
considered (1.5 h/d during March 21). According to
Figure 2 and 3, B1-4 and B10 do not allow the minimum
fulfilment of SA of all the surrounding windows.
Therefore, the existing massing strategy is not the best for
the SA level of the neighbours. This information is
considered | the next step when the designer should
propose different massing strategies than the existing one.

Figure 3: Perspective view (towards south-east) of
Trimmed Reverse Solar Envelope (tRSE) with the
existing building massing.

Step2: Building massing proposal

The proposal of building massing strategies is up to the
designer’s criterion. In this case study, we consider 3
different massing strategies apart from the existing one:

e MO represents the existing building volumes (Figure
4a);

e M1 (Figure 4b) is achieved by increasing the height of
the existing buildings B5, B6, B7, B9, B11, and B12
to the maxHeight of 28 m related to the tRSE’s green
cells (see Figure 3);

o The only differece between M2 and M1 is that in M2
(FAR=1.32) the height of the existing buildinds B1-4,
B8, and B10 were decreased to be contained within
the tRSE volume (Figure 4c);

e M3 is based on the maximization of the length of 20
m-width and 28 m-height linear buildings contained
in the tRSE. In addition, secondary criteria where the
maximization of the distance between buildings in
order to not have parts of the facade with mean
obstruction angles higher than 35°. The target FAR is
this case was 2, thus a small linear building was added
in the NW corner to not decrease SA of the rest of
proposed buildings of the plot to reach this FAR value.

As can be noted, MO and M1 do not guarantee the
fulfillment of minimum level of SA for the surrounding
buildings. However, M2 and M3 do guarantee the SA
rights of the surrounding buildings because they are
massing strategies based on the tRSE. The trade-off
between this building performance and indoor/outdoor
comfort and FAR is discussed in the last section about
multi-criteria decision.

\ \ ‘( \\‘a klkﬁjj

Figure 4: Perspective view (towards north) of the
different building massing strategies considered.

Step 3: outdoor thermal comfort assessment

As can be seen in Table 3, the percentage of the outdoor
area associated to a comfortable thermal sensation based
on the PET metric (18-23<C) is 0.8%, 0.8%, 2.2%, and
5.3% for MO, M1, M2, and M3, respectively. However,
the higher FAR, the larger outdoor area with hot and very
hot thermal sensations. This is due to the taller buildings
present in M2 and M3 in comparison to MO and M1,
projecting larger shaded floor area and therefore cooling
down the north faces of the buidlings (Figure 5).

Table 3: Percentage of the outdoor areas associated to
different PET ranges and massing strategies.

PET-based

thermal MO M1 M2 M3
sensation
Comfortable 0.8 0.8 2.2 5.3
(18-23<C)
Slightly warm 97.7 80.6 410 374
(23-29<C)

Warm 14 143 389 350
(29-35<C)

Hot 0.1 41 172 211
(35-41<C)

Very hot 0.0 0.2 0.8 1.3
(>41°C)

M3,31.07.2014,13:00

below 24.54 °C

24.54 t0 27.28 °C
27.28 to 30.01 °C
30.01 to 32.75 °C
32.75t0 35.49 °C
35.49 to 38.22 °C
38.22 to 40.96 °C
40.96 to 43.70 °C
43.70 to 46.44 °C
above 46.44 °C

R P s
Figure 5:PET distribution of the outdoor areas for

massing strategy M3 on the critical time step of 13:00,
31.07.2014.
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Step 4: solar and obstruction analyses

For different massing strategies the quantification of the
number of sunlight hours during March 21 and the level
of obstruction of each facade partition is needed to the
further classification of the indoor space related to step 6,
and the facade optimization of section 5, respectively.

The SA evaluation is conducted by using the SET
component SunVectGen and the novel components
SunHoursStats and WindowSel (considering an auxiliary
plot outside the quarter plot). The output of interest is
VisibleSun, which is used as input in SunHoursStats
component to alculate the minimum number of daily sun
hours (MinSH) within the analysis period associated to
each window (MinlID). Outputs MinSH, MinID, and
window surfaces are introduced in component
WindowsSel as well as the threshold of minimum number
of daily sun hours imposed by the designer (SHt) to
generate the windows whose MinSH is equal or higher
than the threshold SHt given by the designer.

In order to analyze how the optimal massing strategy
change with SHt, we consider different values: 1.5 h/d

(minimum level), 3 h/d (medium), and 4.5 h/d (high level).

As can be seen in Figures 6b and 6c, the SH values
received for each facade partition (or hypothetical room)
for M3 is shown. The SH ranges from 0 for north facades
and 9.2 h/d for south-oriented facades. In addition it can
be noted the lack of direct sunlight in west facades and
south facade of the little volume because of the
obstruction generated by the building located in the
middle of the plot (Figure 6c¢).

Figure 6: Perspective view (south/north oriented
facades) of mean obstruction angle (8) maps (a/b) and
solar access maps (c/d). SH=daily sun hours 21.

The obstruction analysis is conducted with a developed
component in Grasshopper which calculates the so-called
mean obstruction angle (&), which is the arithmetic
average of the obstruction angle associated to each

horizontal angle (step of 0.5 and a dead angle of 10°

(Sepdveda and De luca, 2020). In Figures 6a and 6b,
obstruction angles for M3 are shown. As expected, the
highest 8 values are located in the corners and in fagade
partitions located in lower floors as well as closer to ther

building volumes as the small sector located in the west
side corner of the quarter plot.

Step 5: facade optimization

Once obtained the obstruction angle for each partition of
each massing strategy, the maximum room depth that can
fulfil a target minDF is calculated. A component in GH
was created to conduct this facade optimization (Figure 7).
The component firstly, identify the closest orientation to
the eight main ones (S, SE, E, NE, N, NW, W, and SW).
Secondly, it generates the different orientations in order
to search the optimal glazing for each orientation that
maximize the FAR related to indoor spaces that fulfil
minDF>2.2%. Since for M3, there were 6 different
orientations (S, N, SW, SE, NW, and NE), the number of
optimal glazing constructions cannot be more than 6.
Once these optimal glazing are identified, the maximum
room depth for each facade partition is calculated by using
Eg. 1. Finally, the DH values are calculated with Eq. 2.

Orientation identification
for each test cell

2

Identification of the
different orientations

4

Identification per facade orientation of the best
combination between g-value and Tvis to
maximize FAR with enough daylight provision

Calculation of the maximum room depth and
overheating levels for each test cell for the
optimized glazing properties

Figure 7: Facade optimization algorithm implemented
as a Grasshopper component (via GhPython Script).

As can be seen in Figure 8, most of facade partitions of
M3 have a maximum room depth between 4 and 8 m. In
a few high-obstructed partitions, the maximum room
depth would be very low, meaning that these ones would
not be good locations for residential rooms such as living
rooms/bed rooms or even small office rooms. The
classification of indoor spaces by the extrusion of facade
partitions towards the interior of the building is conducted
in step 6 of the workflow, which is described in the next
section.

Figure 8: Perspective view (south/north oriented
facades) of the maximum room depth with enough
daylight provision (minDF>minDF_) from each facade
partition.
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Step 6: space classification per building use

At this stage of the design workflow the designer have a
lot of useful information available (level of SA, outdoor
thermal comfort, maximum room depth with enough
daylight provision, level of overheating risk, and the
optimal window construction per fagde orientation) to
choose a massing strategy among the four considered: MO,
M1, M2, and M3. In fact, neither daylight simulations nor
dynamic thermal simulations are necessary for this design
workflow, therefore the amount of computational time
saved can be an important motivation for designer to start
using this workflow during renovation/early design stages
where the number of options and facade partitions are
very large and the level of modelling information is quite
limited.

As designers, we can state, on one hand, that rooms with
maximum depth lower than a minimum value (e.g. 3.5 m),
will be auxiliary/retail spaces. On the other hand, rooms
with maximum depths equal or higher than 3.5 m, will be
residential or office spaces, depending if they fullfil a
target visible sun hours (minSH=1.5 h/d, 3 h/d, and 4.5
h/d) or not, respectively. Indeed, although the EN
17037:2018 does not recommend different SA thresholds
for different building uses, in practice, it has been recently
demonstrated that SA is not such desired by Estonian
office users (SepUveda et al., 2022b). Thus, this
performance might be only appreciated in residential
spaces where building occupants have more flexibility to
avoid daylight glare and sunlight is beneficial to balance
their circadian cycles.

In Figure 9, the optimal use for each space when
considering a minSH of 1.5 h/d) is displayed through
different colors. Thus, residential spaces should be
located mostly in facades with S components and office
spaces in facades with N components. Most suitable
location for retail/auxiliary spaces are located in lower
floors or in corners where obstruction levels are high and
therefore daylight penetration very limited, represented
by low maximum room depths (i.e. rdmax<3.5 m).

Figure 9: Perspective view (south/north oriented
facades) potential uses of the spaces extruded from each
facade partition. minSH= target visible sun hours during

March 21=1.5 h/d.

The designer not only have the spatial distribution of
space uses but the FAR related to differen building uses
for different massing strategies and minSH (Figure 10).

If the designer does not mind to improve the SA level of
the surrounding buildings (comparing M1 with MO0): for
considered values minSH of 1.5, 3, and 4.5 h/d, the FARRr
increases a 17.4%, 16.7%, and 11.5%, respectively. If
the designer wants to ensure a minimum level of SA level
of the surrounding buildings while keeping the same
building footprints (comparing M2* with MO): for
considered values minSH of 1.5, 3, and 4.5 h/d, the FARR
decreases a 8.7%, 6.7%, and 3.8%, respectively. Finally,
our proposed tRSE-based massing strategy (M3%*), for
considered values minSH of 1.5, 3, and 4.5 h/d, the FARR
increases a 2.1%, 36.7%, and 50%, respectively. For
FARo, these increments are 183.3%, 67.6%, and 59.4%,
respectively. As expected, FARr decreases with minSH
while FARo increases because the stricter target SH
(higher minSH) the less fraction of the facade would be
suitable for residential spaces. By analysing these
intermediate results, the designer can realize that M3 is a
more efficient massing strategy than MO because FARR is
relatively higher than the associated to MO (from 2.1% to
50%).

SHMIM=1.5 H/D
2.00
1.75

1.50 0.95

125 0.87

1.00 0.59 0.62

0.75

0.50

0.25

0.00 s g d
MO M1 M2* M3*

® Retail/auxiliary  ®mResidential ®mOffice = Interior

SHMIM=3 H/D
2.00
1.75

1.50 0.95
125 0.87
1.00 0.59 0.62
0.75
0.50
0.25
0.00 05 g
Mo M1 M2* M3*

SHMIM=4.5 H/D
2.00
1.75

1.50 0.95

125 0.87

1.00 0.59 0.62

0.75

0.50

0.25 - -

0.00 s o X
Mo Ml M2* M3*

Figure 10: FAR values associated to different space use
when considering different target visible sun hours
(minSH of 1.5, 3, and 4 h/d).
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Step 7: optimal building massing for different design
criteria

With the FAR values analyzed in the previous section and
the weight factors presented in Table 2 for different
design criteria and level of SA for the new buildings
(minSH), the overall performance (OP) metric associated
to the proposed massing strategies is calculated and
displayed in Figure 11.

When minSH of 1.5 h/d is considered (Figure 11a), the
best massing strategy is M3 with the maximum OP value
(1) for design criteria C1, C2, C3, and C5. For C4, C6,
and C7, M3 is still the best massing strategy with an OP
of 0.94, 0.96, and 0.97, respectively. However, for C4, by
0.01, M1 is better than M3 despite not ensuring the SA
requirement of the surrounding buildings. When minSH
of 3or 4.5 h/d is considered (Figure 11c), the best massing
strategy is M3 with the maximum OP value (1) for design
criteria C1, C2, C3, and C5. For C4, C6, and C7, M3 is
still the best massing strategy with an OP of 0.94, 0.96,
and 0.97, respectively.

minSH= 1.5 h/d (a)

M2* mM3*
1.00
0.80
0.60
0.40
0.20
0.00

C2 C3 C4 G5
Design criterion

Overall performance (-)

. minSH= 3 h/d (b)
3 1.00

g 0.80

£ 0.60

=]

T 040

2020

£ 0.00

& Cl C2 C3 C4 C5 c7

Design criterion

— minSH= 4.5 h/d (c)
% 1.00
2
£ 0380
£ 0.60
g 0.40
= 020
)
g 0.00
Cl C2 C3 C4 C5 C7

Design criterion

Figure 11: Overall performance (Eq. 5) of the different

massing strategies for different design criteria (Table 2)

and target visible sun hours during March 21 (minSH=
1.5, 3, and 4.5 h/d).

Conclusion

This investigation proposes multi-performance method
for urban densification and applies it to an existig urban
block located in Tallinn, Estonia. This design workflow
has two main features lacked by previous methods: (1)
flexible, easy-to-use and fast, minimizing the dependence

on time-consuming simulations with need of daylight and
dynamic thermal modeling/simulation; (2) performance-
driven differentiation of the FAR metric (i.e. room area,
daylight, SA, and overheating protection levels). The
findings of the investigation are as follows:

e The proposed design workflow based on fast
prediction formulas allows designers: (1) to consider
indoor and/or outdoor thermal comfort, performance-
driven design criteria based on FAR for different
building uses, and level of solar access for the new
buildings of the densified urban block; (2) to define
optimal window size and construction per facade
orientation; (3) classify indoor spaces per building use
defined by the fulfillment of daylight, SA, and
minimum room depths; (4) for each building use to
sort indoor spaces by its potential protection against
overheting;

e By applying the proposed design workflow, we
proved that a massing strategy based on the volume
maximization within the trimmed Reverse Solar
Envelope (tRSE) and considering reasonable
separation distances between new buildings can be an
efficient densification method that not only leaded to
a FAR increase of 57.5% but the improvement of the
OP between a 27% and 103% for any minSH
considered.

This investigation only considered one case study located
in Tallinn, Estonia. However, an extensive selection of
case studies located in different latitudes and urban
densities in combination with the validation of the optimal
massing strategy with actual daylight simulations could
generalize the wvalidity of the developed multi-
performance method. Energy consumption was not
included in the workflow but future research could study
the posibility to extend the workflow by applying the
novel Mixed Solar Envelope as negotiation tool and/or to
study how the new buildings of the urban block influence
their energy efficiency to each other (SepUveda and De
Luca, 2022a).
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