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Keywords: The design of lightweight, thermally activated concrete floor systems offers the opportunity to simultaneously
Radiant cooling tackle two of the most urgent challenges currently faced by the built environment: reducing the use of concrete,

Thermally activated building surfaces
Multi-objective optimization
Embodied carbon

Operational carbon

responsible for 5-8% of global carbon emissions, and implementing energy-efficient cooling strategies to miti-
gate the consequences of extreme heat events. This paper introduces a novel chilled concrete ceiling technology
integrated into the structural floor slab. This system reduces embodied carbon and enhances operational per-
formance through rigorous structural-thermal shape optimization. As a radiant ceiling with embedded water
pipes, the system’s cooling capacity improves due to the extended exposed surface provided by the shaping.
Additionally, condensation risk decreases as thermal comfort is reached through warmer surface temperatures.

Two cooling-dominated climates and five slab geometries are analyzed using a multi-objective optimization
approach, achieving Pareto optimal designs that reduce their embodied carbon by up to 52.5% while achieving
12-14% operational savings relative to conventional prismatic floors. The latter can be reduced by as much as
22-32% at the expense of lowering the embodied savings to 30%. Further, this work introduces a novel method
for simulating shaped thermally activated surfaces in Building Energy Modeling (BEM) platforms. An equivalent
flat slab model is proposed to transfer the complex 3-D heat transfer processes captured by numerical Conjugate
Heat Transfer (CHT) methods into annual, climate-specific simulations. This solution offers a flexible and
modular framework that allows architects and engineers to replicate the structural-thermal analysis conducted in
this work for other locations and geometries of interest.

1. Introduction transverse approach that identifies opportunities across disciplines and
maximizes the functionalities contained in material shapes and prop-

1.1. Integrated building systems for a changing climate erties. Integration is presented here as an opportunity to increase ma-
terial efficiency [2] and a path towards a more future-proofed built

The rapid growth of the urban population worldwide has created an environment.

enormous demand for housing that is becoming particularly urgent in

many places in the global south. In addition to the evident socioeco- 1.2. Lightweight, thermally activated floor systems

nomic challenge that this entails, climate change adds yet another layer

of complexity. On one hand, the frequency of extreme weather events This paper identifies floor systems in their combined function as

will increase globally and will likely impact more harshly those regions spanning structures that carry loads and as exposed surfaces that can be

that, in most cases, have least contributed to Ref. [1]. On the other hand, thermally activated through hydronic tubing. Previous work from the

it is well known that new buildings need to substantially reduce their authors has demonstrated the possibility of obtaining lightweight, sha-

associated lifespan greenhouse emissions to avoid worsening the con- ped concrete slabs that preserve their thermal mass performance despite

sequences of such undesired events. In this context, the research pre- a 30% reduction in their structural volume [3]. Here, the main interest

sented here is framed within the broader challenge of developing lies in the possibility of designing lightweight structural components

building systems that simultaneously contribute to climate change that minimize their embodied carbon while simultaneously contributing

mitigation and adaptation. This task must be pursued through a to a low-carbon, resilient cooling strategy. Fig. 1 shows a 1:2 scale
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prototype conducted to test the technological feasibility of these systems
as low-cost, easy-to-implement solutions that can provide buildings with
a long-term strategy against extreme heat events. This early-stage sha-
ped concrete slab has been designed following the validated methods
proposed in this paper to achieve optimal structural-thermal
performance.

2. Previous work

The following sections identify state-of-the-art research within three
key fields of work.

2.1. Structural optimization of concrete floor systems

The need for reducing the carbon emissions attributed to concrete is
a pressing matter, with cement production accounting for 7-8% of
global carbon emissions [4]. Moreover, the building sector floor area is
expected to double by 2060 [5], making it necessary to find low-carbon
alternatives to conventional concrete frame structures. In response to
this enormous challenge, one of the most actionable solutions is to
reduce the amount of material needed through structural optimization,
ideally concentrating the efforts on those components with the highest
savings potential: floor systems [6]. The design of vaulted, unreinforced
concrete floor systems by the Block Research Group [7] or the
textile-reinforced floors proposed by Hawkins et al. [8] are two clear
examples of horizontal structures that achieve significant material sav-
ings through an intelligent shaping of the material. The research pre-
sented here builds upon the shape optimization methods introduced by
Ismail and Mueller for reinforced concrete floor systems that work
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structurally in one-way bending [9]; in contrast to other research, this
approach is compatible with current building materials and practices in
the Global South. This novel 3D parametric framework, described in
more detail in Section 3.1, allows for finding the optimal shape for
ribbed concrete slabs and achieving up to 64% embodied energy re-
ductions with no loss of strength.

2.2. Shaped radiant cooling systems

In the context of rising global temperatures, radiant cooling systems
are increasingly gaining attention as a low-energy, low-carbon approach
to achieving thermal comfort. This strategy focuses on the direct cooling
of occupants through the radiative heat exchange between the human
body and the ceiling surface, allowing the room air to remain at higher
room temperatures compared to traditional space-conditioning options.
Further, novel research [10] demonstrates the possibility of achieving
high ventilation rates with a low impact on the final operational energy,
which is particularly relevant in the current context of the COVID-19
pandemic. This work focuses on cooling ceilings that are embedded
within construction elements (thermally activated building surfaces, or
TABS) and further investigates the potential performance advantages of
shaping an activated concrete slab. Within this context, recent research
in non-planar ceiling surfaces presents promising improvements in the
system’s cooling capacity (W/m?) through, for example, foldable de-
vices (90-100 W/m?) [1 1], concave surfaces (70 W/m?) [12] and in-
clined fins (77.5 W/mz) [13]. On a similar note, but applied to thermal
mass elements coupled with natural ventilation [14], Fortin and Craig
[15] study the geometric activation of building surfaces through rect-
angular fins or pin arrays.

Cold source

PEX tubing

-=- Hollowed stainless steel tube

Fig. 1. Construction images of an in-progress technology development test. In an effort towards integration, the stainless-steel tube serves both as structural tensile

reinforcement and water channel.
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2.3. Integrated simulation frameworks

Among the available literature on radiant systems modeling, this
work focuses on integrated simulation frameworks that can simulta-
neously account for the heat transfer processes within the radiative
surface, the interior room environment, and the interface in-between.
Early work from Kim et al. [16] showed the potential of fully-coupling
Computational Fluid Dynamics (CFD) with a radiative heat transfer
simulation and HVAC controlling system. Alternatively, Fonseca et al.
proposed a 1-D equivalent thermal network to capture the steady-state
behavior of a radiant ceiling panel, which was coupled into a
whole-building lumped model that analyzed its dynamic behavior [17].
The method proposed in section 3 combines the advantages of CFD
simulations, equivalent thermal networks, and Building Energy
Modeling (BEM). More specifically, a technique previously used for
studying outdoor heat transfer coefficient in urban neighborhoods is
used as a starting point [18]. In that case, Liu et al. use CFD tools to
predict the abovementioned coefficients to then extrapolate them as
new correlations into a whole-building BEM simulation, providing a
flexible and scalable method.

2.4. Research opportunity

Existing literature demonstrates that shaping concrete slabs can
benefit both the structural and active thermal performance through an
appropriate material distribution, simultaneously reducing the
embodied and operational carbon associated with these systems. Open
questions center on the applicability and behavior of this building sys-
tem in specific climates, and methods for identifying and evaluating the
best-performing design geometries. In a context of global demand for
affordable and low-carbon housing, this paper presents a new applica-
tion of multi-objective optimization techniques to evaluate compre-
hensively the design of structurally lightweight, thermally activated
concrete floor ceilings for residential use.

3. Method

The presented methodology consists of a modular process that
combines analytical and numerical techniques. First, the slabs’ struc-
tural and thermal performances are simultaneously evaluated through
multi-optimization techniques (MOO). This process serves as an
analytical approach to finding floor geometries as lightweight and
thermally exposed as possible. Then, the preferred designs are analyzed
through a set of steady-state conjugate heat transfer simulations to
characterize their conductive, convective, and radiative heat transfer
processes. This study opens the possibility of implementing an equiva-
lence model that allows modeling the annual performance of shaped
cooling ceilings through available whole-building simulation software.
Finally, a carbon assessment of the selected geometries is conducted to
evaluate their environmental impact from a multi-disciplinary
perspective.

3.1. Structural-thermal optimization of concrete slabs

The multi-objective optimization problem presented in this section is
defined through the parametrization of the ribbed concrete slab geom-
etry and the definition of the necessary structural-thermal constraints
and objectives. The structural analysis is based on recent research on
shape optimization [9], minimizing the total embodied carbon of every
generated design while ensuring its structural feasibility. Similarly, this
paper presents a new metric called the “thermal factor” (TF) to compute
the thermal objective. The TF metric is introduced not to give a precise
evaluation of the thermal performance but to help the MOO algorithm
explore new geometries more efficiently. As explained in this section,
this optimization technique requires exploring thousands (tens of
thousands in some cases) of design options that otherwise would not be
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possible to evaluate with more computationally expensive methods.

3.1.1. Variables

The design space is defined by parameterizing the floor’s cross-
section, following the geometric relations summarized in Fig. 3. Vari-
ables a; and ay establish the width of the slab’s ribs at two points and
both depend on b, the rib’s total amplitude. Variables y;, y, and y3
determine the depth of the slab at three different heights. This process is
repeated in four sections across the floor’s length, maintaining b and y;
constant and allowing the rest of the variables to vary for each case. In
total, each design vector x is defined by 18 variables. For this analysis,
the final position and size of the steel reinforcement results from the
optimization process and are therefore not set as variables.

The design vector x is expressed as follows:

ap

as

Y9
b

Once the geometric variables are defined, points are interpolated
longitudinally across sections. The final geometry is obtained using in-
built geometric tools inside Grasshopper3D, a visual programming lan-
guage commonly used by designers. This same interface incorporates all
the other processes included in this section: structural validation, ther-
mal factor calculation, and optimization process.

3.1.2. Constraints and penalty function

Every feasible design must satisfy multiple constraints, most of them
governed by the structural behavior of the slabs. Constructability re-
quirements are also incorporated. These constraints, characterized by a
set of functions g(x) defined in more detail in Ismail and Mueller’s work
[9], are the following:

- Ductility requirements: ensure that the ultimate strain for the steel in
tension is reached before the concrete’s compression failure. This
enables the slab to undergo high deflections before collapsing,
providing signs of failure.

- Clear cover: checks that the concrete thickness between the rebar

and the slab’s edge satisfies the building code requirements. This

protects the steel from environmental effects that could potentially
lead to corrosion.

Flexural capacity: checks that the bending moment capacity of each

analyzed section satisfies the moment envelope at that point.

- Shear capacity: checks that the shear capacity of each analyzed

section satisfies the shear envelope at that point.

Flange thickness: guarantees that the slab’s flange is sufficiently stiff

to carry the loads from the edges to the central web, across the

transverse direction.

- Effective flange width: ensures that the flange is uniformly stressed
by checking its width relative to a reference code-defined value.

A penalty function is defined in order to exclude the design options
that do not satisfy these constraints, i.e. results outside of the feasible
region defined by a total of 18 functions gij(x). This strategy has been
previously applied in similar optimization problems [19]. One of the
main challenges is to adequately choose a penalty function that does not
modify the feasible results while still helping the algorithm find the
Pareto optimal solutions. To achieve that, all constraints are first
normalized so that only those designs with values greater than O are
feasible.
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- Geometry parametrization
- Room geometry
- Structural/thermal objectives
- Boundary conditions
and constraints
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- Weather file i .
- Electricity carbon intensity
- Internal loads, ventilation

schedule and HVAC system

- Concrete + steel ECC
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(steady-state) (transient)
MATERIAL VOLUMES

Fig. 2. Multi-step methodology for the design and environmental assessment of lightweight, thermally active concrete slabs. In principle, the same steps could be
followed for other shaped TABS. Note: ECC refers to Embodied Carbon Coefficient (kgCOeq/kg).
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Fig. 3. Slab geometry parametrization through the definition of variables and bounds. Variable ‘y;” is kept constant across all four sections, resulting in a total of 9 ‘y’

variable values.
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Next, a penalty function is applied to these values whenever they are
negative, increasing the magnitude of the penalty for more negative —
less feasible — values. The penalty function p; (gi(x)) is defined as:

I if gi(x)>0

Pl ={ ey L1 5 g <o @
> pilai(x)
Px) == @

The total penalty P(x) is computed as the arithmetic mean of all n
penalty values obtained from each constraint gj(x) considered. P(x) is
equal to 1 for fully feasible designs.

3.1.3. Objective functions

The multi-objective optimization process is carried out using the
Grasshopper suite Design Space Exploration developed by the Digital
Structures group [20]. More specifically, the multi-objective optimiza-
tion tool called MOO, based on the genetic algorithm NSGA-II, is applied
[21]. This heuristic method approximates the Pareto front by crossing
the higher-performing designs of each generation (the most elite

designs) throughout a given number of iterations. The objective func-
tions J1(x) and Ja(x) correspond to the floor’s structural and thermal
performance, respectively. The former computes the total embodied
carbon of both steel and concrete elements using in-built volume
calculation functions inside Rhinoceros 3D, the CAD environment used
in this work. This function is minimized, understanding that a slab that
supports the same loads with less material will structurally behave more
efficiently. The second objective corresponds to the thermal factor,
which needs to be maximized.

J1(x)=(ECCconcrere Pconcrere Vconcrere (%) +ECCosreer, Psrery, Vsreer (X)) P(x)

6))

_w; StV(x) +w; Fr(x)

P(x) ©®

J2(x)

The definition of this analytical approximation, referred to as
“thermal factor,” is based on the application of fundamental heat
transfer concepts, as well as the study of the CFD simulations used in this
work. It is defined by two main geometric characteristics: surface-to-
volume ratio (StV) and total view factor (Fr):

Thermal factor =w; StV (x) + w; Fr(x) (V2
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where:

StV :% 8)
ZA[ F[—o

Fr= StV ‘:ﬂT (9)

The surface-to-volume ratio is defined as the ceiling’s exposed sur-
face (§') divided by its total volume (V). Geometries with higher StV
values will be expected to exchange more energy with the surroundings
thanks to their larger exposed surfaces per unit of volume. Fr is the result
of multiplying the StV ratio by a weighted average value of all the view
factors computed for the different cells in the meshed slab. Each view
factor F;,, which stands between 0 and 1, is obtained by applying the
spherical ray intersection methods available in the open-source Ladybug
tools [22] for each mesh cell A;. As explained in more detail in the tool’s
documentation [45], this component computes the number of rays that
do not intersect a given context geometry over the total number of rays
projected spherically from the point of interest, giving equal weight to
all sphere points. Therefore, geometries that are more exposed to the
surroundings (higher Fr) will obtain larger thermal factors than other
designs that might have the same StV but present more shadowing be-
tween their ribs. Quantities w; and wy give designers the option of
weighting the values of StV and Fr depending on the importance that
they decide each metric will play in the final design.

3.2. Numerical modelling of shaped cooling ceilings

The described multi-objective optimization process results in con-
crete slabs of variable width and depth across their span. A significant
part of this geometrical complexity responds to structural priorities, as
each analyzed section adapts its shape following the changing moment
and shear envelopes. From a thermal point of view, analyzing these
shaped slabs becomes a challenge to which heat transfer theory on
extended surfaces offers models for a wide range of simplified geome-
tries but falls short when studying more intricate geometries and
boundary conditions. In response, this work proposes using conjugate
heat transfer (CHT) simulations, a numerical method that allows
studying any desired geometry through the discretized modeling of the
solid and fluid domains.

These simulations aim to characterize the heat transfer process
within and in the interfaces of the shaped cooling ceiling, to then
translate these results into a whole-building simulation platform (sec-
tion 3.3.). The CHT simulation settings follow the guidelines from pre-
vious work by Menchaca-Brandan [23], which have been applied and
validated by author’s prior work on the dynamic thermal performance of
shaped thermal mass elements [3]. Air is modeled through the Boussi-
nesq approximation, using the thermo-physical properties in Table 1.
The RNG k-¢ turbulence model, which describes turbulence using two

Table 1
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transport equations [46], is selected given its suitability and robustness
for indoor airflow simulations with strong buoyancy flows [24]. Ap-
pendix B includes further details on the validation process based on
experimental data from Olson et al. [41] and Blay et al. [42] for natural
and mixed convection scenarios, respectively.

As shown in Fig. 5, the simulation domain consists of a 1.5-m cut of a
5-m-deep, 2.5-m-high apartment room, with only one facade exposed to
the exterior air temperature (no solar radiation is considered at this
point of the analysis but is included in 4.3). These dimensions provide a
reasonable compromise between simulation time and flexibility for
modifying, if necessary, the facade’s boundary conditions and geometry.
The floor and rear walls were modeled with adiabatic boundary condi-
tions, as they are assumed to be sufficiently insulated and in contact with
other apartments under similar room temperatures. The two remaining
side surfaces are symmetry planes, which are equivalent to a zero-shear
stress boundary throughout which there is no radiative nor convective
heat flux.

The thermo-physical properties of the main bodies included in the
CHT simulations are the following:

While the proposed CHT simulations account for the complex heat
transfer interactions between the concrete slab and the surrounding air
and surfaces, they do not include detailed modeling of the water pipes.
As shown in Figs. 5 and 7, the plane within which the serpentine pipe is
embedded is modeled as a uniformly cooled surface, permitting a
coarser mesh for an already computationally expensive simulation. This
cooling plane is, in essence, equal to the conductive layer with averaged
temperature described in the general resistance method included in DS/
EN ISO 111855-2 [25]. The standard serves as a starting point for the
equivalence method described in the following section, which focuses on
the thermal resistances between the mentioned cooling plane and the
room’s air and surfaces. It is assumed that the pipe’s diameter and
spacing are adequately dimensioned according to the application re-
quirements described in section B.2. Of the standard.

3.3. Simulating shaped cooling ceilings in a BEM platform

In order to characterize the benefits that thermally activated shaped
concrete slabs offer, it is important to model the annual energy use of a
building with such a system compared to a baseline. An effective method
for this is BEM, which typically does not natively support modeling
complex geometries. This section describes the method utilized to
translate the complex 3-D solid-fluid interactions captured by the CHT
simulations into the 1-D heat transfer framework commonly used in
BEM environments.

EnergyPlus (EP) is the default BEM environment used in this work.
More specifically, the Low Temperature Radiant System Model offers the
possibility of modeling water circuits as heat sources/sinks embedded in
any surface inside the space of study. An equivalence model is proposed
in which the behavior from the shaped concrete slabs matches a
simplified 1-D concrete slab that can be then introduced into EP. As
illustrated in Fig. 6, this equivalence is imposed for each of the three

Thermo-physical properties of air, concrete and insulation as input in simulations [47]. NOTE: Boussinesq approximation treats density as a constant value except for

the buoyancy term in the momentum equation.

Density (kg/ Specific heat (J/ Thermal conductivity (W/m Emissivity ~ Coefficient of thermal expansion (1/  Dynamic viscosity (kg/m
m>) kg°C) °Q) Q) s)
Air 1.2 1007 0.025 - 0.0033 1.8107°
(boussinesq)
Concrete 2400 900 1.2 0.9 - -
(ceiling)
Insulation 20 800 0.03 0.9 - -

(walls)
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Exposed surface S' (m?)
Thermal
objectiveix) Shperical ray tracing method for
(see eq. 6)
view factor F,_at mesh cell A,

Mesh cell A,
* Intersecting ray
Non-intersecting ray
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Concrete volume V. (m?) I
objective j,(x)
Steel volume V__(m?)
(see eq. 5)

Fig. 4. Geometrical definitions input into the structural and thermal objectives defined in egs. (5) and (6) respectively.

Cooling plane:
Constant T 18°C

Fagade:
Constant T ranging from 21°C to 37°C
(30°C in this example)

MESH INFORMATION:
- Walls cell size: 2.5 - 4 cm.

- Slab cell size: 1.5 - 3 cm.
- An inflation layer with

closest node at 0.5 cm. is

assigned to all surfaces

24.0

220

2.5m.
21.0

[C]

Floor and rear wall:
Adiabatic

Fig. 5. Boundary conditions and basic mesh properties applied in the CHT simulations. For each facade temperature considered, simulations are run in transient

mode until a steady-state is reached.

heat transfer processes in action: conduction (from the ceiling surface to
the water pipes), convection (from the surrounding air to the ceiling
surface), and radiation (between room surfaces).

3.3.1. Conduction

The embedded pipe depth L;, measured from the slabs’ surface, is a
determining factor when sizing the cooling capacity of a conventional
flat slab. For a given inlet water temperature Ty, ;, the cooling capacity
increases for smaller L; [26]. EnergyPlus captures this process by
calculating the conduction resistance of the innermost concrete layer R;.
Similarly, an equivalent resistance R’'; can be obtained from the CHT
model by computing the temperature difference between the averaged

surface temperature T; and water source T,, over the total conductive
heat transfer rate:

— LI
lekIA (10)
AT _ (T.-T) an

! Qcond chnv + Qrad

The goal then becomes to find the equivalent L'; so that the steady-
state resistance used in the whole building model is equal to the one
obtained from the CHT calculation. This method naturally involves
simplifying the actual 3D behavior of the slab, as averaging the surface
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Fig. 6. Thermal circuit equivalence established between the whole building and CHT models. The values for Ry, Reony and, Ryaq are matched with the resistances

obtained from Qcond, Qconvs and Qyag-

option A L,=86cm
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18.60
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]

Fig. 7. Equivalent thickness L'y and temperature distribution at steady state computed for a horizontal cooling plane (option A) and a shaped, parallel to the celing,

cooling plane (option B).
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temperature prevents accounting for local phenomena. However, the
importance of such temperature variations will vary across water pipe
layouts, as shown in Fig. 7.

. AT, -T,)
! Q(ronv + de

Fig. 7 shows two possible configurations for the same shaped ge-
ometry: option A presents a horizontal layout across the slab’s top
flange, while option B has a shaped pipe distribution parallel to the
ceiling. The same room size and boundary conditions are applied for
both cases. As expected, option B results in a much thinner equivalent
thickness Lj, as well as a more homogenously distributed temperature
surface. Option A instead translates into a thicker 8.6 cm equivalent slab
due to the conduction resistance added by the concrete ribs. In this case,
the temperature distribution resembles a rectangular fin with a 1-D
temperature gradient from the flange’s base down to the rib’s tip.
Given the reduced thermal resistance and consequent faster activation
time, option B will be the water pipe layout used in this work moving
forward. Finally, the dynamic thermal performance of the shaped slab is
modeled by matching the total heat capacity of each concrete slab. This
process has proved satisfactory for the single-material floor systems
studied in this research, as shown in the validation data included in
Appendix A. More complex multi-material structures, such as a beam
and block slab system, could be analyzed through, for example, the
structure factor method [27].

(12)

3.3.2. Convection

The slab’s geometry strongly determines the convective heat ex-
change between the ceiling surface and surrounding air through changes
in the exposed surface area and orientation. This air film resistance is
modeled in EnergyPlus as:

1

Reony = — 1
com =71 13)

Once again, it is possible to find an equivalent resistance R’¢opy, from
the steady-state CHT simulations by extracting the convective heat

Cooling (Convection)

-
10 - >
.
= 81 "
g .
=
u E—
L 4 _,.——"“"—_-‘
2 4 ’/'/
|
0 1 2 3 4+ 5
AT[°C]

e CHT results
Shaped slab: 7.52x*0.25
Flat slab: 3.1x*0.22 (Karadag 2009)
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transfer rate and temperature difference of interest. The air temperature
T, is computed as the room’s volume-average temperature, in accor-
dance with the perfectly mixed air assumption used in the whole
building energy model.

, AT (T, —T,)

conv T Q Q
conv conv

In this case, the objective is to find an equivalent heat transfer co-
efficient (HTC) h’. for the convective resistance modeled in EnergyPlus
that matches the one from the numerical simulation. Although not
common in heat transfer references, the calculation of h’, is normalized
by floor area so that the performance of each ceiling geometry is
effectively transferred into the whole-building simulation platform. This
process is repeated for multiple AT, resulting in two temperature-
dependent heat transfer coefficient functions (heating and cooling) for
each geometry (Fig. 8). Liu et al. [28] follow a similar strategy for
quantifying the impact of the exterior convective HTC on building en-
ergy consumption.

/ _ Qcorw
¢ Aﬂoor (Teo - Ts)

14)

(15)

These new equations are introduced manually in EnergyPlus using
the Adaptive Convection Algorithm, a mechanism included in the BEM
tool to dynamically select the relevant HTC function based on the sur-
face type and flow regime. This method, initially developed by
Beausoleil-Morrison [29], presents a series of default convective heat
transfer equations identified from the literature while also allowing
users to input new correlations. In the case of actively cooled ceilings,
the adaptive algorithm uses numerical results obtained by Karadag [30]
for multiple room configurations. Similarly, Alamdari and Hammond
[31] developed correlations based on experimental data for horizontal
surfaces under buoyancy-driven convection. In both cases, the h equa-
tions are defined by an exponential function of the following shape:

h=C; AT® 16)

The sparse data outputted by the CHT simulations is fitted using a

Heating (Convection)

12

10

he [Witm#-=C)]

AT[°C]

¢ CHT results
Shaped slab: 0.3x*0.12
Flat slab: 0.29x*0.2 (Alamdari and Hammond 1983)

Fig. 8. Convective heat transfer coefficient curves for the flat and shaped slabs of study. The air stratification and dynamics of the buoyancy forces lead to an
asymmetric performance in which the shaped slab only improves its convective performance in cooling mode.
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power function with the corresponding values for C; and C,. Fig. 8
shows the correlations found for the example geometry in both cooling
and heating scenarios. As observed, the shaped slab provides signifi-
cantly higher cooling heat transfer coefficient values h’. compared to the
literature values for flat ceilings. This behavior mainly results from the
increase in exposed ceiling surface per square meter of projected floor
area, which in this case increases from 1 m?>/m? to 2.34 m?/m?.
Conversely, the performance of both solutions is identical in a heating
setting. As shown in previous studies on the thermal mass performance
of shaped slabs [3], the accumulation of hot stratified air in between the
concrete ribs prevents the shaped ceiling from taking advantage of its
extended surface when warmer than the surrounding air. These new
HTC values are defined as a function of AT and are therefore only valid
for buoyancy ventilation cases. The inclusion of forced ventilation
would require the definition of a new set of equations that have not been
included in this work.

3.3.3. Radiation

Radiative heat transfer plays a key role in the radiant ceiling’s per-
formance, accounting in most cases for more than 50% of the total
cooling capacity [32]. As identified by literature reviews on surface heat
transfer coefficients, a constant heat transfer coefficient h, of 5.5
W/m? C is a safe assumption for flat radiant ceilings in common room
configurations with high emissivity surfaces [33]. In the context of this
work, h’, is obtained by dividing the radiative heat transfer rate Qqq
over the temperature difference and is, once again, normalized by the
room’s floor area.
h’ _ de

R an
Afioor (Tavsr — Ty)

The average unheated surface temperature (Taysy) is calculated for a
reference horizontal plane using the following definition. View factors
from the ceiling of interest to the surrounding surfaces j are extracted
from the numerical models:

Cooling (Radiation)

(-]

hy [W/(m?-°C)]
"
"

AT[*C]

¢ CHT results
Shaped slab: 5.38 + 0.03x
Flat slab: 5.5W/m*C (Shinoda et al 2019)
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The CHT results reveal that the radiative heat transfer coefficient has
almost no variation between flat and shaped geometries. Fig. 9 shows
how the fitted data is strongly aligned with the mentioned 5.5 W/m? C
for horizontal ceilings. These results agree with the conclusions obtained
by Grinham et al. [12]: as the exposed surface increases, the ceiling’s
view factor to the surrounding surfaces diminishes because of the rib’s
self-shadowing, creating a counteracting effect between both phenom-
ena. The high emissivity associated to the concrete surfaces (0.9) also
contributes to this similarity across results.

Very similar values are obtained for all the other geometries modeled
in this study. Given that the variations observed are in the order of 3-4%
relative to the reference flat ceiling (and always in the conservative side,
i.e., with slightly higher heat exchange for geometries with higher TF),
all shaped slabs are modeled in EnergyPlus using the default radiation
analysis configuration. This similarity in the radiative performance be-
tween shaped and flat slabs should be validated for any other generated
geometry, paying particular attention to those with lower emissivity
values.

4. Results

The following lines show the process to identify and analyze five
designs for optimal structural-thermal concrete slabs, using the methods
described in the previous section.

4.1. Geometry selection

Fig. 10 shows all the designs from the last generation explored by the
NSGA-II algorithm, coloring those belonging to the Pareto front. The
graph also highlights the geometries that are selected for the CHT
analysis, two of which (v1 and v5) are the single-objective optimal de-
signs for J;(x) and Ja(x) respectively.

To obtained these results, the genetic algorithm was set up using the

Heating (Radiation)

@
n

hy [W/(m?-°C)]
|

AT [*C]

¢  CHT results
Shaped slab: 5.64-0.03x
Flat slab: 5.5W/m*C (Shinoda et al 2019)

Fig. 9. Radiative heat transfer coefficient curves for the flat and shaped slabs of study. The surface increment in the shaped slab is balanced by its self-shadowing,
leading to an almost identical radiation h.t.c. curve relative to the 5.5W/m 2C literature value for flat geometries.
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Fig. 10. Pareto front for thermal factor and embodied carbon (top) and selected geometries for CHT analysis (bottom). Concrete slabs and steel reinforcement

dimensions are in cm.

Table 2

Genetic algorithm parameters, as defined in the Design Space Exploration
toolbox [20]. wl and w2 refer to the thermal factor definition defined in
equation (6).

Population Generations ~ Random wl w2
size seed
NSGA-II 800 60 1.15 05 1.0
parameters

parameters shown in Table 2.

The shape of the obtained Pareto front reveals a clear tradeoff be-
tween the thermal and structural performances, with embodied emis-
sions ranging from 33.9 to 50.8 kgCOze/m? and the thermal factor from
28.1 to 39.5. A first glance into the selected geometries shows how x1,
the distance between ribs, is one of the most influential variables when
moving along the Pareto curve. Indeed, by bringing the ribs together, the
exposed surface and TF increase to the detriment of the structural mass,
which unavoidably augments. It is also interesting to observe how the
design of slabs with larger ribs spacing is moment-dominated (v1 and
v2), whereas shear stresses have a larger impact on the geometry of slabs
with closer ribs (v4 and v5). The bi-objective plot also helps identify that
all Pareto designs surpass the 12 cm optimal flat slab in both objectives,
presenting promising structural-thermal advantages. All the designs
satisfy the described structural constraints under a live load of 200 kg/

10

m? (2 kN/mz), a common value for residential buildings. The embodied
carbon calculation was performed using baseline values defined by the
Carbon Leadership Forum for both stainless steel (3 kgCOze/kg) and
concrete (0.15 kgCOqe/kg) [34]. This serves as a first approximation to
the context-specific analysis conducted in Section 4.3.

4.2. Heat transfer performance characterization

This section summarizes the heat transfer performance computed for
each of the five geometries selected from the Pareto front. All cases are
modeled assuming a water circuit uniformly distributed along the ceil-
ing surface. Table 3 summarizes all the values for the constants C; and
Cs. In alignment with the results from Section 3.3. the convective heat
exchange increases thanks to the progressive increment in ceiling area
from slabs v1 to v5.

Table 3
Constants C; and C, for each geometry’s cooling htc exponential curve, as
defined in equation (15).

Flat vl v2 v3 v4 v5
Constant C; 3.11 4.05 7.52 11.77 16.1 28.89
Constant C» 0.22 0.28 0.25 0.28 0.3 0.33
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Fig. 11. Ceiling cooling capacity as a function of AT for all five geometries of study. The horizontal lines correspond to reference peak cooling demands obtained
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The total cooling capacity can be then calculated with the following
expression for conditions in which Tayst and T, are the same:

q=(h,+1)AT 19

Fig. 11 shows how the thermal factor (TF) metric has successfully
predicted the best performing geometries. As AT and TF increase, the
cooling capacity of the radiant ceiling also increases. Two clear advan-
tages are evident from these results. First, slabs with higher TF can reach
any cooling capacity value with warmer water temperatures. This effect
could lead to higher chiller efficiencies and reduced condensation risks
(see Section 4.3). Second, the improved performances allow for
expanding the use of these systems in building typologies that tradi-
tionally have higher peak cooling demands. Fig. 11 includes multiple

Building and Environment 221 (2022) 109330

reference peak values extracted from ASHRAE 90.1 EnergyPlus tem-
plates. As observed, the demands that correspond to more intensive uses
(restaurant, offices) can only be met by slabs with high TF.

Finally, the dynamic thermal performance of the selected designs
was also assessed with the objective of analyzing their passive behavior
when not thermally activated. This study follows the methods proposed
by the authors in previous work [3], consisting of transient CHT simu-
lations in which the damping coefficient (difference between peak
outdoor and indoor temperatures) is measured after a 24-h cycle. The
damping coefficient was slightly increased, between 6 and 9%, for all
five geometries, as shown in the temperature plot in Figure A2 (Ap-
pendix A). These results confirm the initial conclusions: it is possible to
remove structural mass (up to 55% in this case) from concrete floor

40
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0 II
g 20
E -31 kWh/m?y -18.2 kWh/m?y
S 40
-39.4 KWh/m?y -25.8 kWh/m?y
-60
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() () ) ) () () () ) ()
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O I
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X
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Gains Losses Cooling Gains Losses Radiation
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Fig. 13. Energy balance for both climates of study. Bars with (+) correspond to energy incoming into the system and those with (—) indicate energy extracted out

of it.
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systems without affecting their dynamic thermal mass performance.

4.3. Case study: concrete floor systems in low-carbon apartments

This final study aims to evaluate the environmental performance of
the five selected concrete geometries on a prototypical apartment unit
across two representative climates. Cairo is chosen as the hot desert
climate, with 900 annual cooling degree days (CDD) and mean daily
temperature fluctuations of 11.5 °C, and Bangkok as tropical wet, with
2042 CDD and daily fluctuations of 9.2 °C. The proposed case study
consists of a west-facing 8 m x 5 m apartment unit accessed through a
central access corridor, as illustrated in more detail in Fig. 12.

The main features of the whole-building simulations are the
following:

- An active cooling system with a constant-flow radiant ceiling is
embedded in the concrete structure. Water is supplied at tempera-
tures ranging from 16 °C to 21 °C.

Simple fan-driven ventilation controls the air exchanges for air
quality, with no pre-conditioning or heat recovery processes. Natural
ventilation is enhanced whenever outdoor conditions are within
comfort ranges, fostering night-flush ventilation in climates with
large diurnal temperature fluctuations.

Thermal comfort is characterized in all simulations using the PMV
method, considering a metabolic rate of 1 met and a clothing level of
0.5 clo. The addition of a ceiling fan provides a constant indoor air
speed of 0.4 m/s when necessary.

Dehumidification is considered only for condensation-prevention
purposes but not for comfort, as this is achieved exclusively
through the cooling ceiling and fans.

The same envelope configuration, occupancy schedule, and internal
loads are used for both climates studied. While these values may vary
across locations, assuming a default configuration is considered
sufficient for the early-stage scope of this study.

As observed in Fig. 13, geometries with higher thermal factors
decrease their annual cooling demand while providing comfort in all
cases thanks to the higher convective heat transfer coefficient h’.. This
faster thermal response means the embedded radiant system “invests”
less energy in pre-cooling the floor’s mass, increasing slab temperatures
as the thermal factor increases. As a result, night-flush ventilation be-
comes essential to passively remove this extra energy that the radiant
system has not extracted. Fig. 13 shows how the heat dissipated through
ventilation increases as the cooling demand decreases, balancing the
annual energy loads. Climates that are more suited for a passive thermal
mass strategy (i.e., high diurnal fluctuations with mean temperatures
close to comfort ranges) will benefit more from this strategy, as the
possibilities of night-flushing will be higher. For this reason, the apart-
ment in Cairo presents higher reductions in cooling demand (29.5%)
compared to the one in Bangkok (7.5%).

Additionally, ceiling geometries with higher thermal factors have
lower condensation risk as they achieve thermal comfort through
warmer surface temperatures. While this is not relevant for Cairo’s dry
climate, where no condensation occurs, it is for Bangkok’s: the total
degree-hours during which the ceiling’s temperature is below the 1 °C

Table 4

Estimation of the electricity consumed by the Isothermal Membrane-based Air
Dehumidification (IMAD) system. As the thermal factor increases, the conden-
sation risk (and corresponding latent demand) diminishes.

Flat vl v2 v3 v4 v5
Degree-hours 6302 5540 4190 3526 3177 2656
Tsurface < Tdew+1
Latent heat removed 6425 568.1 4347 3682 3329 2799
(kWh/year)
Electricity consumption 8.03 7.1 5.43 4.6 4.16 3.5
(kWh/m?year)
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offset dew point is reduced from 6302 for the flat slab to 2656 for ge-
ometry v5. This results in an equivalent decrease in the latent load Qjq,
which is computed post-simulation using the following expression:

le = Pair Ly, VAwkg (20)

The total electricity consumption expressed in Table 4 is obtained by
dividing the removed latent heat by the system’s coefficient of perfor-
mance COPj,. For this analysis, an isothermal membrane-based air
dehumidification (IMAD) system is chosen, assuming a COPj, of 2 (a
reasonable value according to the available literature, with COPjy
ranging between 0.75 and 3 [35]). This solution presents promising low
energy performances thanks to having no need of overcooling air for
condensation.

Finally, the required pumping power was approximated using the
mass flow rates obtained from the whole-building simulations and the
Hagen-Poiseuille expression for the pressure drop. Slabs with larger
ceiling areas present, as expected, higher losses given their added piping
length per m? of floor area. However, they also provide comfort with
slightly lower flow velocities thanks to the enhanced thermal perfor-
mance, counteracting to some extent the first effect. The pump’s energy
consumption increases from 0.05 (flat) to 0.08 kWh/ rnzyear (shaped v5)
which, in absolute terms, is considered negligible compared to the final
energy consumption required by the chiller (70.1 kWh/m?year).

4.4. Carbon assessment

Once the operational energy consumption and material volumes
have been computed, a 50-year lifespan carbon assessment is developed
for each concrete floor design. The carbon intensity of electricity (kg
CO2e/kWh) results from combining available data on the electricity mix
of the countries considered [36] with reference values of the carbon
intensity for each energy source [37]. The embodied carbon coefficients
(kg COze/kg) for concrete and stainless steel are selected from the EC3
database, an open-access tool based on third-party verified Environ-
mental Product Declarations [38].

Fig. 14 reveals multiple trends:

Embodied carbon plays a decisive role in climates with moderate
cooling demands like Cairo’s. This makes geometries with higher
structural performance, such as vl and v2, suitable options when
considering short and mid lifespans.

Conversely, operational carbon dominates in climates where the
cooling demand is higher. For example, in Bangkok, the best ther-
mally performing design (slab v5) becomes the least carbon-
intensive option after only 8 years.

Shaping radiant cooling ceilings is a carbon-efficient strategy from
the day of construction due to the initial embodied carbon reduction.
The cumulative savings increase to 31.5% and 22.3% for Cairo and
Bangkok respectively, compared to flat solutions.

These savings increase further when put alongside more conven-
tional cooling options, such as window AC units. After 50 years, slab
v5 achieves a reduction in the total carbon emissions of 68.5% for
Cairo and 40% for Bangkok.

The results plotted in Fig. 14 are also sensitive to other variables
independent of the slab’s geometry, such as the chillers and membrane
COP or the electricity carbon intensity. These parameters could vary
across projects and consequently alter the slope of the emission lines. It
is then important to note that the conclusions obtained here are only
valid for these specific analyzed cases, requiring new simulations every
time. Along similar lines, these calculations could be fine-tuned in future
work by accounting for the morphing of the climate and the future
decarbonization of the electricity grid.

Moreover, the distribution of embodied and operational emissions
across geometries is consistent with the performance tradeoffs found in
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Fig. 14. 50-year lifespan carbon assessment. Slabs with lower embodied emissions are more suitable for Cairo (v1,v2), whereas, in Bangkok, those with improved
thermal performance (v4,v5) are preferable. Note: RC refers to Radiant Cooling, and AC to Air-Conditioning.

the initial Pareto front, reinforcing the potential of MOO methods as an
early-stage design tool. Fig. 15 reveals how, as the embodied footprint of
the concrete slabs decreases, their operational impact increases for all
years and climates considered. It is also interesting to observe how the
Pareto fronts progressively widen over time as the impact of the oper-
ational carbon increases relative to the embodied footprint.

5. Conclusions

Recent research on structural optimization offers innovative shape
optimization methods for the design of lightweight concrete structures
that achieve outstanding material savings. At the same time, radiant
cooling ceilings are emerging as a strong alternative to conventional
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space conditioning systems thanks to their user-centric approach to
thermal comfort. This research lies in the intersection of both worlds,
proposing new methods to design and evaluate shaped floor elements
that optimally perform as both load-carrying structures and thermally
activated surfaces.

5.1. Summary of contributions

The multi-objective optimization techniques presented in this work
allowed finding floor geometries that outperform conventional flat slabs
structurally and thermally. For instance, shaped slab v2 significantly
reduces its embodied carbon by 50% while achieving annual operational
savings of 14% (Cairo) and 12% (Bangkok) relative to prismatic floors.
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Fig. 15. Updated Pareto front by plotting cumulative operational and embodied emissions. The embodied-operational tradeoff remains throughout the building’s
lifespan, increasing the relative impact of the operational emissions throughout time.

On the other end of the obtained Pareto front, v5 reaches higher oper-
ational reductions of 32% (Cairo) and 22% (Bangkok) at the expense of
lowering the embodied savings to 30%. These results highlight the
validity of the new thermal factor metric in computational design
frameworks as an analytical way of characterizing the thermal perfor-
mance of the rigorously shaped radiant surfaces.

This research also offers new preliminary results related to the
energy-efficiency advantages of shaped concrete TABS. Ceilings with
higher thermal factors improve their cooling capacity thanks to the
increased convective heat transfer h’;, overcoming a recurrent sizing
limitation in conventional flat systems. Results show performance en-
hancements of up to 34.4W/m? when AT = 1 °C and 141 W/m? when
AT = 3 °C, values within the ranges identified in the literature review
[11-13]. Further, the increased convective heat transfer translates into
energy savings on an annual basis. This is particularly true for climates
in which night-flush ventilation can be used effectively, reaching a
reduction of up to 29.5% for Cairo’s cooling demand. Finally, the risk of
condensation also diminishes for shaped cooling ceilings, given their
ability to reach the same cooling capacity with warmer water temper-
atures. The energy consumed for dehumidification (approximated for a
membrane system) was diminished by 56% for slab v5, relative to the
flat ceiling. While recent developments in radiant technologies can
reach higher cooling capacity values (through, for example, flat heat
pipes [39]) or improved condensation control (through cover shields
[40]), shaped concrete ceilings offers an integrated, easy-to-implement
alternative with combined embodied and operational carbon savings.

From a methodological point of view, this paper presents a first
approach to modeling shaped, thermally activated building elements in
BEM platforms. Using the work from Strand and Baumgartner as a
starting point [41], the introduction of an equivalent flat slab offers an
easy-to-implement and flexible tool that allows computing the opera-
tional energy consumption of any desired geometry. This equivalence
was validated by comparing CHT transient simulations with the result
obtained from the whole-building simulation (see Appendix A).
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5.2. Limitations and future work

The proposed work includes a series of simplifications that, in order
to broaden its applicability, need to be approached in future work. First,
the equivalent flat slab method currently only supports the modeling of
high-emissivity surfaces and should be expanded to more reflective
ceilings that might not present a constant h, value. Similarly, the multi-
objective optimization framework presented in this work could be
further refined by including physical insights on heat transfer theory on
finned surfaces (adding, for example, new constraints or fine-tuning the
‘thermal factor’ definition). This process would result in two combined
advantages: first, potentially reducing the required computational time
to find the Pareto fronts, and second and most importantly, providing
analytical benchmark designs that could inform early-stage design
processes. Other avenues to explore in future work include the consid-
eration of temperature gradients across the ceiling surface for local
discomfort calculations and the inclusion of forced ventilation scenarios.

5.3. Concluding remarks

The in-progress construction of a slab prototype will allow exploring
construction methods that are as replicable and easy-to-implement as
possible. Early tests are already revealing further opportunities for
integration, such as the combined use of steel pipe as reinforcement and
water tubing. Answering these and other implementation questions will
be essential to achieve the scalability of these systems as a tool to
mitigate climate change and provide effective adaptation solutions.
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Nomenclature

A Area of mesh cell, projected floor area (mz)
ECC Embodied Carbon Coefficient (kgCO2eq/kg)
F view factor

g constraint function

h heat transfer coefficient (W/m? °C)

h’ equivalent heat transfer coefficient normalized by floor area (W/rn2 °C)
J objective function

k thermal conductivity (W/m °C)

Lye latent heat vaporization water (J/kg)
j2 penalty function

q cooling capacity, heat flux (W/m?)

Q eat transfer rate (W)

R thermal resistance (m2 °C/W)

StV surface to volume ration (m?/m>)

T temperature (°C)

\% volume (m®)

A% air volume flow (kg/m3)

Wig humidity ratio (kg water/kg dry air)
w weight for thermal factor calculation
p density (kg/m®)

Subscripts

AUST average unheated surface temperature
cond conduction

conv convection

floor projected floor area

i inlet, indoor or design i

lat latent

rad radiation

s ceiling surface

o outlet

w water

Appendix A

Section 3.3 presents an equivalence method that allows transferring the complex thermal performance of shaped cooling ceilings into available
BEM platforms such as EnergyPlus. This appendix includes the data collected to validate this method. A series of CHT and EnergyPlus simulations were
performed under the exact same boundary conditions to compare the dynamic thermal response of the five geometries selected in Section 4.1. The

input data introduced in both models is the following:

- Room dimensions: 5 x 10 x 2.5 m. All surfaces are adiabatic, with the exception of one 2.5 x 10 m fagade.
- Boundary conditions: a sinusoidal temperature curve is imposed in the facade’s outer face, as a representation of a daily temperature fluctuation.

Two “climates” are analyzed:

o CI1: T(t) = 31.55[C] — 3.55[C] sin (2xt/86400[s])

o C2: T(t) = 30.95[C] — 5.75[C] sin (2rt/86400[s])
- No solar radiation or internal gains are considered.
- Material properties:

o Concrete: 2400 kg/m?, 1.2 W/m°C, 880 J/kg°C.

o Insulation: 20 kg/m>, 0.03 W/m°C, 800 J/kg°.C.
- All surfaces have a thermal emissivity of 0.9.
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Fig. A.1a-A.1j. Results comparison between CHT and EnergyPlus (EP) simulations for identical sinusoidal boundary conditions
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Fig. A.1a-A.1j. (continued).

As shown in the above figures Ala-Alj, both simulations show a strong agreement both in the time lag and attenuation of the computed indoor
temperature fluctuations. More importantly, EnergyPlus succeeds in capturing the trend found in previous work conducted by the authors [3]: despite
the reduction on structural mass (the concrete volume in v1 is 30% less than v5), the thermal mass performance remains unaltered, slightly improving
in all cases thanks to the enhanced convective heat transfer rate. This performance is also shown in Figure A2, which highlights the dynamic per-
formance of all six slab geometries throughout two 24-h cycles. As mentioned in section 4.2, the damping coefficient is increased between 6% and 9%
for all five shaped geometries, relative to the flat 12 cm concrete slab. The methods and metrics used to capture this dynamic performance are further

explained in Ref. [3].
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Fig. A.2. Indoor air temperatures obtained from a 48h CHT simulation for all six slab geometries.

Appendix B

The simulations settings used in section 3.2 were validated using two experimental data that have been commonly used as validation data in
previous research work on room airflow analysis [42]. First, the natural convection conditions are compared with the results from Olson et al. [43].
The test chamber consists of a closed room of 7.9 x 2.5 x 1.5 m with a cold and hot wall to each side. Temperatures obtained were measured in the
central plane X = 3.95. Figure Bl illustrates how the RNG k-€ model [46] matches the temperature profile obtained from the experimental data.
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Fig. B.1. Experimental and simulation results for natural convection case at central plane X = 3.95

The dimensionless temperature is computed using the following relation, where T, is the constant temperature of the cold surfaced and Ty, the

temperature of the hot surface.
T-T.
T -T.

(B.1)

Moreover, Figure B2 shows how the simulation also succeeded in predicting the recirculation pattern observed in the original experiment.
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Fig. B.2. temperature profile and velocity vectors across the simulated room with the hot and cold surfaces at 35.3C and 19.9C respectively. Right: the velocity
vectors reveals how the simulation succeeds in predicting the recirculation pattern overserved in the experiments from Olson et al.

Furthermore, the experiment conducted by Blay et al. [44] was used to validate mixed convection conditions that, although not present in this
work, could be implemented in future research. In this case, the test chamber is defined by a 1.04 x 1.04 x 0.7 room with a supply air at 15.0C and a
heated floor at 35.5C. Figure B3 and figure B4 illustrate how our simulations present a good agreement with the experimental data. Figure B5 shows
the experimentally anticipated clockwise flow that is created thanks to high jet momentum in relation to the buoyancy forces caused by the heated
floor.
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Fig. B.3. Experimental and simulation results for mixed convection case at central plane X = 0.52
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Fig. B.4. Experimental and simulation results for mixed convection case at central plane Z = 0.52
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Fig. B.5. temperature profile and velocity vectors across the simulated room. Left top: inlet at 15C and 0.57 m/s. Bottom-right: pressure outlet
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