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ABSTRACT ARTICLE HISTORY

In a global context of simultaneous urbanization and rising ambient temperatures, it is imperative to Received 5 February 2023
design heat-resilient and material-efficient neighbourhoods that respond to the pressing demand Accepted 23 September 2023
for housing with minimal environmental impact. With this goal in mind, the work presented here KEYWORDS

focuses on the integration of heat dissipation systems within structural building components, intro- ¢ gissipation; low-energy
ducing a novel framework for their systems-level simulation and design. Two well-studied, low-cost cooling; integrated urban
systems (shallow geothermal and night-sky cooling) are modelled within a parametric design work- design; operational carbon;

flow that combines bottom-up structural embodied carbon calculations with annual building energy embodied carbon
simulations that account for heat sink availability. The proposed method results in a fast and reliable

early-stage design tool that allows urban planners, policymakers, and designers to evaluate the suit-

ability of available heat dissipation technologies across climates and urban morphologies. This paper

analyzes specifically the multi-domain performance of a hypothetical urban geometry within three

different cooling-dominated locations (Algiers, Cairo, and Bangkok).

Nomenclature g} phase constant between insolation and air tem-
A area (m?) perature (rad)

d thickness (m) w angular frequency

E efficiency (-) AR long-wave radiation constant (W/m?)

F view factor (-)

f fraction of evapora.\ti.on rate (-) Subscripts

h heat transfer coefficient (W/m?)

k thermal conductivity (W/m°C) C convection

n cloud cover factor (-) cs clear sky

q heat flux (W/m?) dp dew-point

Q cooling energy, total heat dissipated (kWh) eff effective

r pipe radius (m) f fluid

Iq relative humidity (%) exch exchange

to soil surface phase constant (sec) m mean

t0,a air phase constant (sec) rad radiator

S net solar radiation (W/m?2) s soil, surface

T temperature (°C) v amplitude

U overall heat transfer coefficient (W/mZ2°C)

i SO!I depth (m) L 1. Introduction: urbanization in a warming

o soil’s thermal diffusivity (m?/s) world

B soil's absorption coefficient (1 - albedo)

[ specific heat (J/kg°C) Cities are becoming warmer and denser worldwide,
& emissivity (-) with shifting climatic conditions and continuous migra-
m mass flow rate (kg/s) tion processes from rural to urban areas. This reality
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Figure 1. Selected heat dissipation systems for a hypothetical multi-story residential building. After removing heat from the conditioned
spaces, hot water is stored first and pumped afterward to either the foundations or the roof to be cooled down through the available

heat sink (the ground or the night sky)..

is particularly critical in Africa and Asia, concentrating
90% of the predicted global urbanization by 2050 (World
urbanization prospects 2019) and the majority of cities
with high exposure to extreme heat events (2018). In this
context of simultaneous urbanization and rising temper-
atures, it is crucial to design low-cost, climate-adapted
neighbourhoods that respond to the pressing housing
demand with minimal environmental impact. This multi-
faceted challenge requires holistic solutions that jointly
tackle climate change adaptation and mitigation. With
this goal in mind, the work presented here focuses on
the integration of heat dissipation systems within build-
ing structural elements, introducing a framework for
their systems-level simulation and design. More broadly,
the question becomes how to leverage the building’s
structural frame (a substantial and unavoidable material
investment) as an effective heat sink that reduces opera-
tional carbon emissions and contributes to a cooler built
environment.

Among the available array of heat-dissipation tech-
nologies, this paper prioritizes those ready to be deployed
atscale, affordable, and easy to integrate with other build-
ing components, as they are most suitable for contexts
with limited economic resources and urgent construction
needs. Two well-studied, low-tech systems are selected
for this paper: shallow geothermal through the build-
ing’s foundations and roof-integrated radiative cooling
(Figure 1). In both cases, the underlying concept is the

same: warm water is pumped through a piping circuit
embedded within a reinforced concrete building element
(a spread footing, the roof slab) and is cooled when in
contact with a heat sink (the ground, the night sky). This
colder water is then stored in a tank and recirculated
into the building when needed, absorbing the space’s
excess heat through a radiant panel that can also be
integrated into the building’s structure (Gascén Alvarez
et al. 2022). More complex and energy-intensive versions
of this scheme, suitable for very hot climates and not
included in this work, include a water-to-water heat pump
that heats water on the condenser side (the ground and
sky heat exchangers) and cools water on the evaporator
side for thermal comfort.

In summary, this paper proposes a method for the
early-stage design of heat dissipation systems integrated
within structural elements, assessing their material and
cooling impact at an urban level. Neighbourhoods with
a reduced material footprint facilitate access to afford-
able housing and efficient cooling strategies alleviate the
health risks associated with extreme heat events. From
a climate-change mitigation perspective, the potential
benefits are significant: structure components typically
account for 50% of buildings’ total embodied carbon
emissions (Kaethner and Burridge 2012), while the car-
bon associated with cooling has tripled from 1990 to 2016
and is expected to increase as global temperatures rise
(2018).
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2. Previous work

2.1. Integrated, low-energy heat dissipation
strategies

The design of integrated heat dissipation elements has
been extensively studied in academia and industry as a
resource-efficient approach that allows collapsing multi-
ple functions into a single building component. Select-
ing the appropriate low-energy cooling technology typi-
cally responds to a combined qualitative and quantitative
assessment of the element’s multi-faceted performance
under specific climatic conditions. Radiative cooling sys-
tems are commonly integrated into roofs, given their high
exposure to the sky vault. Possible solutions range from
unglazed plate collectors activated through water pipes
(Dimoudi and Androutsopoulos 2006; Hosseinzadeh and
Taherian 2012) with cooling rates of 40-87 W/m? for night
operation (Zhao et al. 2017), photovoltaic-thermal sys-
tems (PVT) that produce electricity and cooling energy
(Eicker and Dalibard 2011), or daytime cooling panels
integrated into attic spaces (Zhao et al. 2019) (with an
average cooling power of 45 W/m? at noon). Evapora-
tive cooling strategies can be further incorporated into
facade elements through, for example, textile-based skins
that allow for rainwater harvesting (Eisenbarth et al. 2022)
or porous materials (Timmer 2021). Finally, the buried
substructure can serve as a ground cooling device in
deep foundations for example, borehole heat exchang-
ers integrated into concrete piles (Brandl 2006) or shal-
low foundations (Nam and Chae 2014). In the mentioned
examples, affordability is studied by, for example, mea-
suring the materials’ accessibility, cost (environmental
and economic), or fabrication constraints. However, few
examples assess the material efficiency of the solutions
iteratively across options, missing opportunities for multi-
objective design frameworks.

2.2. Multi-domain urban design workflows

The densification of cities and its associated urban heat
island (UHI) effect can harm the effectiveness of the heat
dissipation systems analyzed in the previous section. Sur-
rounding buildings, for instance, might block the view
of radiative panels to the sky vault (Mokhtari, Ulpiani,
and Ghasempour 2022), whereas subsurface warming
decreases the chances of dissipating heat through the
ground (Bayer et al. 2019). Thus, it becomes necessary
to adequately model these strategies in a multi-scalar
way, accounting for the interrelations between urban
geometry and heat-sink availability. This approach aligns
with current efforts toward the development of fully
comprehensive simulation frameworks for urban energy
sustainability, as highlighted in the review conducted
by Mauree et al (Mauree et al. 2019). The authors

describe the importance of modelling the intrinsically
multi-dimensional nature of cities, establishing connec-
tions between urban microclimate conditions, outdoor
thermal comfort, energy systems, and buildings” energy
demand. While multiple programmes have tackled two or
more of these topics jointly such as CitySim (Emmanuel
and Jérdme 2015), UMI (Reinhart et al. 2013), UrbanSolve
(Naultetal. 2018) or the City Energy Analysis tool (Fonseca
and Schlueter 2015), none includes (as far as the authors
know) the systems-level design of integrated heat dis-
sipation strategies, linking their performance with the
city’s urban form and microclimate and with buildings’
resilience to heat.

2.3. Research opportunity

UN SDG11’s goals for ‘sustainable cities and communities’
evidence the need for multi-domain design workflows
that lead to integrated policies and plans towards inclu-
sion, resource efficiency, mitigation, and adaptation to cli-
mate change (target 11.b). Focusing on contexts with high
urbanization rates and threatening temperaturerises, the
question of designing cities for combined material and
cooling efficiency is an under-studied yet highly relevant
topic. This challenge demands a new approach to urban
design tools that bring together building massing and
component design, establishing connections and identi-
fying synergies between them. The presented work con-
tributes through an innovative method that allows for
evaluating the performance of heat dissipation strategies
at an early decision stage through the lens of systems
integration and impact across scales. More specifically,
this research combines first-order analytical calculations
with geometry-dependent numerical simulations to pro-
vide fast and reliable parametric studies. The method is
applied here to two low-cost heat dissipation technolo-
gies but is conceived as a flexible framework that can be
extrapolated to other systems and contexts.

The paper’s structure is organized as follows: (1)
Section 3 introduces the multi-domain workflow, describ-
ing the models and tools used at each step; (2) Section 4
applies the described method to a hypothetical residen-
tial development, conducting a parametric study across
three different climates; (3) Section 5 summarizes the
contributions of this work and discusses its applicability
to other contexts, focusing on opportunities for future
developments.

3. Method for systems-level design and
simulation

The methodology proposed in this section allows urban
planners, architects, and policymakers to assess the
suitability of urban heat dissipation technologies - in
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Figure 2. The proposed workflow allows for an early-stage evaluation of integrated urban heat sinks (in this paper, shallow geothermal
through the foundations and a roof night sky radiator) and associated material impact.

this paper, shallow geothermal and night-sky cooling —
and the possibility of integrating them within the build-
ing’s structural frame. In this way, the environmental
performance of urban developments can be holistically
assessed from an early design stage, jointly account-
ing for its heat dissipation ability and material impact.
Figure 2 summarizes the different steps of the proposed
method, each of which is covered in detail in the following
subsections.

3.1. Massing proposal

The tools and models presented in this work are
implemented within the visual programming software
Grasshopper, which runs within the Rhinoceros 3D
computer-aided design (CAD) application. This platform
is well-known for parametric 3D modelling in the archi-
tecture, engineering, and construction (AEC) industry
and allows for a straightforward integration between
existing environmental software plugins, the software’s
3D-modelling tools, and the new Python-based compo-
nents developed in this work. Alongside the building

massing process (either free-form or parametric), two
urban design parameters are tracked: floor area ratio
(FAR), the ratio of total built floor area to the plot area, and
plan area density (Ap), the ratio of building footprint to
the same plot area (Oke et al. 2017). The former is a stan-
dard proxy for density and the latter (also referred to as
building coverage ratio (BCR) in urban design literature)
assesses the amount of open area available for other uses.

In this study, a hypothetical residential development
located within a mid-density urban context is evaluated
in three different locations, each of them corresponding
to a different Képpen-Geiger climate zone (Beck et al.
2018): Bangkok (A, Tropical), Cairo (B, Arid), and Algiers
(Csa, Temperate with hot summer). Figure 3 shows the
considered plot, an area of 4050 m? with three separate
blocks built in parallel and two resulting open spaces in
between. The longitudinal dimension of each building is
fixed at 45 m, and the width X, and total height Z;sq
are defined as variable inputs. While not necessarily repre-
sentative of the existing urban fabrics, this generic urban
morphology allows for focusing on the abovementioned
urban design parameters and analyzing in isolation their
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(including the two open areas) and n to the number of floors.

impact across the metrics presented in this work. Con-
cerning the structural system, the number of columns and
beams depends on these massing parameters as well as
a pre-defined range for the structural span of the cho-
sen programme (5 to 7m, in this paper). The sizing of
these elements and other main structural elements is
conducted using the method presented in the following
section.

3.2. Structural system design: foundation sizing

Building foundations are responsible for resolving the
loads of a building to the soil below. The structural mate-
rial required and resulting surface area of foundations
for ground heat dissipation, A¢, depends on the mass of
the superstructure, which changes with building height,

loading, and material selection (among other variables).
While more surface area results in more potential for heat
dissipation, this comes at the expense of more materially
intensive (and therefore environmentally costly) founda-
tions than are required structurally. The aim of this paper
is to demonstrate the effectiveness of utilizing the build-
ing’s necessary structural components as a heat sink. As
such, the method presented simulates the design pro-
cess of a practicing structural engineer, and accounts for
the minimum structural material necessary to safely trans-
mit the building loads to the soil, following the applicable
building codes.

In order to determine the available surface area for
ground heat dissipation, a gravity load-resisting structural
system is designed using physics-based analytical equa-
tions and results from previous constrained optimization



Table 1. Material properties for structural design and embodied
carbon calculation x(Hammond and Jones 2019).

Embodied Carbon
Coefficients Density Strength
Material (kgCO,e/kg) (kg/m?®) o (MPa)
Concrete, In-situ 20/25 MPa 0.112 2400 25
Steel, Rebar 1.99 7850 430

workflows by Ismail and Mueller (Ismail and Mueller
2021). At the same time, this workflow quantifies the total
structural material quantities through bottom-up calcu-
lations, in order to track the embodied carbon of the
respective designs. Structural carbon has the potential to
contribute significantly to a buildings’ total carbon emis-
sions over a 50-year lifespan (typical period evaluated
in a Life Cycle Assessment (LCA) (Ji, Lee, and Yi 2021)),
depending on the massing and climate. In this case study,
the embodied carbon of the sub- and super-structure
is tracked due to the fact that these elements typically
account for more than half of a buildings’ total embodied
carbon (Kaethner and Burridge 2012). The environmen-
tal impact of non-structural components (such as internal
walls, services, and finishes) is not evaluated as design
decisions regarding these components are typically not
established at early-stage design.

In this paper, embodied carbon (CO,e) refers to the
carbon emitted during LCA stages A1-A3 according to
EN 15978:2011 (See Sec. 3.1), otherwise known as Cra-
dle to Gate processes. Embodied carbon coefficients for
world averages are used from the Inventory of Carbon
and Energy (Hammond and Jones 2008) due to the reli-
ability of these values (Moncaster and Song 2012) (See
Table 1), and bottom-up calculations are used due to their
accuracy for estimates of urban-scale carbon emissions
(Weber, Mueller, and Reinhart 2020).

The various structural components are designed in
reinforced concrete (RC), due to its global availability and
prominence (Allwood and Cullen 2015). This research ref-
erences the National Building Code (NBC) of India for
structural mechanics, (IS 456) (Bureau of Indian Stan-
dards 2000) as the aforementioned constrained optimiza-
tion workflows (Ismail and Mueller 2021) were developed
specifically for this location. NBC can be compared to
American Concrete Institute Code 318-19 but is more
conservative in some regards (Ismail and Mueller 2021),
although both are based on similar understandings of
concrete failure modes and behaviours. A building pro-
gramme is selected, informing the preliminary column
grid and the live load resisted by the structure (as well as
cooling operational carbon, discussed in Section 3.3). In
this case, multi-family residential programme is studied,
resulting in a uniformly distributed live load of 1.9 kN/m?
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(The International Building Code 2015) and a superim-
posed dead load of TkN/m?.

The RC floor slabs, a common system for the above-
mentioned spans, are designed using the constrained
optimization methodology developed by Ismail and
Mueller (Ismail and Mueller 2021). The resulting concrete
mass, m¢, and reinforcing steel mass, m, for the respec-
tive span is then extracted by fitting a two-degree polyno-
mial curve to the data obtained from sampling over 500
designs using this method. This mass is used to design the
RC beams and columns for the tributary floor area they
are supporting, following the simplified mechanics-based
methods outlined by Arroyo Portero et al. (Arroyo Portero
et al. 2009). It is worth pointing out that other floor slab
materials and more efficient typologies are available, such
as shape-optimized or thin-vaulted RC slabs (Lépez et al.
2014; Hawkins et al. 2020; Ismail and Mueller 2021), which
may offer higher carbon savings potential. However, in
this paper, flat, one-way spanning RC floor slabs are cho-
sen to evaluate a typology that is ubiquitous in construc-
tion in many parts of the world. The lateral load-resisting
system is not considered for the building heights sampled
(up to 10 stories). It is assumed that lateral stiffness is not
the controlling factor for design (D’Amico and Pomponi
2020) and can be considered separately.

Spread footings are modelled due to their ubiquity in
global construction. Physics-based analytical equations
for calculating the concrete and reinforcing steel are used
to size the footings using established engineering meth-
ods outlined by Kurian (Kurian 2004) for sandy soils (bear-
ing capacity, g = 96 kN/m?) (International Code Council
2020). Each footing is designed for the building mass
being supported for the respective tributary area. Once
designed, the surface area Ay, is extracted for calculat-
ing the heat exchange potential. The slab-on-grade is not
being considered, however, this warrants further study as
it has been shown that this potential is dependent on the
floor build-up and climate (Brearley 2022). The total struc-
tural material quantities of concrete and reinforcing steel
for the respective samples (including floor slabs, beams,
columns, and foundations) are extracted and multiplied
by their respective density and embodied carbon coeffi-
cient (ECC) (See Table 1) to determine the environmental
impact of the structural system, normalized by the gross
floor area (GFA) for comparison.

3.3. Urban heat sink evaluation

Once the neighbourhood’s general massing and struc-
tural system have been selected, defining the available
surfaces for heat dissipation, the different heat sinks
are assessed through first-order evaluation methods that
allow for quick iterations and comparisons across design
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proposals. The presented method relies on a combina-
tion of analytical tools and fast numerical calculations that
provide enough accuracy for early-stage urban massing
processes and can be easily implemented in parametric
design workflows. The cooling energy Q of each dissi-
pation system is evaluated using the general form pre-
sented by Alvarez et al (Alvarez, Maestre, and Velazquez
1997), which accounts for a working fluid at T that is
in contact with a heat sink (the ground or the night sky)
at Tsink.

Q= I’th /(Tinlet(t) — Tsink (©) Esink () Eexch (tdt (1)
t

where the efficiency of the sink E;j is defined as a func-
tion of an intermediate temperature T:
(Tinler - Teff)

Egink =~ 2
o (Tinlet - Tsink)

and the efficiency of the heat exchanger E,,, with area

Aas:
Tintet — T, UA
Eexch _ ( inlet outlet) —1_ exp (__) 3)
(Tinler - Teff)

mcp
For given fluid properties (assumed here to be water
at flow rate m), the effective and sink temperatures Ts
and Tk, and overall heat transfer coefficient U become
critical to determining the efficiency of the sink and
exchanger. The next lines describe the process to find
these values for the selected systems.

3.3.1. Ground dissipation system: shallow geothermal
The availability of the ground as a heat sink results from
its ability to dampen seasonal temperature fluctuations,
staying cooler than ambient conditions during summer
and warmer during winter. Ground temperatures can be
approximated as harmonic functions that reduce their
amplitude as depth increases, reaching, at a certain dis-
tance, a constant temperature equal to the mean annual
surface temperature Tpy = Tsink_ground- IN this paper, soil
surface temperature conditions are estimated using the
model developed by Krarti et al (Krarti et al. 1995), which
was found to predict experimental data from five loca-
tions with an average discrepancy of ten percent. This
analytical method is based on the energy balance at
the surface level and assumes an undisturbed ground
with homogeneous thermal properties. For soil condi-
tions with heterogeneous thermal properties or signifi-
cant disturbances from underground infrastructure (a dis-
trict heating network or an aquifer, for example), more
complex models based on numerical simulations or on-
site data measurements would need to be implemented.

According to the selected analytical model adding the
phase constant of the soil surface ty, as defined in (Lee and

Strand 2006) the temperatures at depth z for a soil with
thermal diffusivity o is defined as:

Tett_ground = Tm + TyRe[e®(1~10)=32)] (4)
where:
i
5= |2 (5)
s
to = tog + & (6)
w

As observed, the mean surface temperature T, tem-
perature amplitude T,, and phase shift ¢s are the three
parameters that define the sinusoidal curve of interest,
analyzed at a frequency w. These values are obtained
from the boundary conditions at the soil surface, which
include convective heat exchange, long-wave radiation,
solar insolation, and evaporative energy. As shown in
the sensitivity analysis of the original model (Krarti et al.
1995), lower soil surface temperatures are achieved for
higher wind velocities (higher hg), higher evaporation
rates f, lower relative humidity values rg4, and lower soil
absorptivity 3.

1
Tm = [ Tmg — 5groundAR + BSm

he

— 0.0168hsfb(1 — r,)] 7)
hiTva — ﬂsvei¢/
T, =|——— B
Y ‘ (he + 5ks) ®
hiTva — ,stei¢’i|

= —Ar _— 9
bs [ (he + Sks) ©

As cities become denser, soil temperatures are expe-
cted to rise due to increased urban air temperatures
and reduced heat dissipation through long-wave radi-
ation. On the contrary, the decrease in solar insulation
due to the shadowing between buildings will counter-
act the overheating to a certain extent. To account for
these geometry-dependent effects, the following numer-
ical calculations are introduced:

e Themean airtemperature Tp,q, temperature amplitude
Tva, and relative humidity r, values are extracted from
a morphed weather file that accounts for the Urban
Heat Island (UHI) effect at an atmospheric level. As
explained in the next subsection, the urban weather
generator (UWG) model (Bueno et al. 2013) is imple-
mented within the proposed workflow through the
Dragonfly plugin (Charan et al. 2021).

e Similarly, the Ladybug toolset is used to compute
the mean solar insolation S, its amplitude S,, and
the long-wave radiation constant AR on the meshed
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Figure 4. The ground sky view factor Fy,oung is computed as the weighted average of the view factors F;_g, calculated for each cell A;
within the meshed surface. The analyzed urban designs illustrate how the mean solar radiation S, and the long wave radiation constant

AR diminish as the ground’s view factor reduces.

surface surrounding the buildings of analysis (see
Figure 4). The ‘LB Incident Radiation’ component is
used to calculate the first two values, while the latter
is obtained from the following expression:

i=8760 . 4
i=1 FgroundggroundU(Tg (- Tsky(l))

8760

AR =

Where Fgoung corresponds to the fraction of sky that is
visible from the analyzed ground surface (see Fy,, calcu-
lation in 3.3.2). These calculations do not account for the
reflection of shortwave radiation between buildings and
are therefore only valid as a first-order estimation.

e The phase angle difference ¢; between the air tem-
perature and insolation values is extracted from fitting
sinusoidal curves to the corresponding set of sparse
data obtained in the previous points.

Additionally, these phenomena are influenced by the
soil cover and moisture content, which determine the

fraction of evaporation rate f, absorption coefficient g8
(approximated as one minus the surface albedo), and
the soil surface’s emissivity €groung. The remaining val-
ues included in equations 7-9 (he, h,, and b) are chosen
following the literature guidelines (Krarti et al. 1995).

At a component level, this research investigates the
potential of integrating horizontal ground heat exchang-
ers HGHE (Naili et al. 2013) within shallow concrete foun-
dations, more specifically spread footings. The surface
area Ar of these elements will largely depend on the
structural system selected, soil capacity, and the sizing
process (see section 3.2). The overall heat transfer coef-
ficient Uground for a generic HGHE with adequate spacing
s between pipes and area of contact Aygye = 2nrL (and
L = Af/s) can be defined as:

(1

U =
ground 1 " In (r-i—dg,ound)

he + kground r

where 1/h¢ corresponds to the fluid’s convective resis-

tance within the pipe, and r/kgrouna In(r+dgrouna/r) to
the conductive resistance of the first layer of disturbed
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ground (for a 24 h cycle) with thickness (Krarti and Kreider
1996):
s

— (12)

dground =
groun W

Finally, it is important to highlight that the proposed
method does not account for the long-term effects
of heat injection into the ground nor the interaction
between neighbouring HGHE. Both phenomena could
potentially increase the ground temperatures over time
(Miglani, Orehounig, and Carmeliet 2018), decreasing the
system'’s overall performance. Future stages of this work
should include the consideration of seasonal regenera-
tion strategies (extracting heat for space heating during
winter, or producing domestic hot water, among others)
and guidelines on the adequate spacing between inte-
grated HGHE at a neighbourhood scale. Along these lines,
recent research presents novel frameworks for estimat-
ing the technical potential of borehole heat exchangers
(BHE), considering their spatial interaction and season
regeneration through heat injection (Walch et al. 2022).

3.3.2. Skydissipation system: roof-integrated
night-sky cooling

The availability of the night sky as a heat sink through
longwave radiation is influenced by multiple atmospheric
conditions, mostimportantly the relative humidity. As the
presence of water vapour in the atmosphere decreases,
Tsink_sky becomes cooler thanks to the sky’s lower emissiv-
ity. In this paper, Tjnk_sky is calculated using the method
proposed by Argiriou et al (Argiriou, Santamouris, and
Assimakopoulos 1994), which is based on the sky emissiv-
ity correlation found by Berdhal and Martin (Berdhal and
Martin 1984):

Tap Tap \
=0.7114+056 — 0.73 —/— 13
Ecs + (100) + (100 (13)

Esky = £cs(1 + 0.0224n + 0.0035n% + 0.00028n)
(14)

Tsink_sky = Ta — (1 — 5?}})2,5)7—0 (15)

Equations 13 and 14 show that the main parameters
of the mentioned sky emissivity model are the dew-point
temperature Ty, and the cloud cover factor n (n = 0 for
a clear sky, and n = 1 for an overcast sky). The effective
temperature T, can be then defined as the minimum
threshold temperature the radiator can achieve at a ref-
erence ambient temperature Tg:

4 T4
T T _ @ _ _ 5radUFrad(Tg - Tsink_sky) (16)
f_sky ‘ he ‘ he + (4€rad0 Tg)

As observed, the radiator’s net radiative power g, is lin-
early proportional to its emissivity e,,4 and view factor

F qq- This latter value represents the fraction of view from
the radiator surface that is occupied by the sky vault,
which highly depends on the context geometry (see
Figure 5), and is computed through the ray-tracing meth-
ods available in the open-source environmental design
tool Ladybug (Sadeghipour Roudsari and Pak 2013). Only
surfaces with an average F,;q > 0.7 are considered, as
any value below that is considered detrimental for the
radiator’'s performance. On the other hand, the effec-
tive heat transfer coefficient h, results from adding the
convective coefficient heony (3.5W/mZK for wind speeds
below 0.5 m/s,and as 2.8+0.76v forv > 0.5 m/s) (Clarkand
Berdahl 1981) to the equivalent radiative coefficient.

The system’s overall heat transfer coefficient U, is
derived from the pipe’s convective heat transfer h¢, the
conductive resistance of the radiator plate (with area
Arad), and the above-mentioned coefficient he.

1

Usky =
1 1 drg
(h_e) + (h_f) + Trod

This low-energy cooling strategy can be installed as an
independent panel (Mihalakakou, Ferrante, and Lewis
1998) or, as shown in Figure 5, integrated into a roof
component (Meir, Rekstad, and L@vvik 2002; Dimoudi
and Androutsopoulos 2006) through a metallic plate with
area Ayqq that simultaneously serves as a radiator, water-
proofing layer, and even pavement for an accessible out-
door space. The system operates exclusively at night, stor-
ing cold water in a storage tank used during the day for
cooling purposes. It is assumed that the radiator has a low
heat capacity and an insulation layer underneath it such
that all solar radiation absorbed during the daytime is
released into the surrounding air before starting to pump
the warm water at night.

(17

3.3.3. Urban cooling loads

After computing the total heat dissipation potential, the
system performance can be assessed in relation to the
building’s cooling requirements and urban context. The
natural cooling saving fraction (NCSF) is a metric com-
monly used in the evaluation of low-energy cooling tech-
niques (Guerrero Delgado, Sanchez Ramos, and Alvarez
Dominguez 2020) to correlate the total heat dissipation
Quiss to the building cooling loads Qjpads:

t=12
Qdiss(t)F (t)
NCSF = E _— 18
t—1 Qload(t) 18)

The utilization factor F considers the dynamic effects
between the two heat transfer processes (space cooling
and heat rejection) and quantifies their impact on the
heat sinks’ availability. This value is calculated following
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Figure 5. The radiator sky view factor F44 is computed as the weighted average of all the view factor F;_g, calculated for each cell A;
within the meshed surface. The analyzed roof geometriesillustrate how the mean heat dissipation gmean diminishes as the roof's exposure
to the sky reduces due to neighbouring buildings or its self-shadowing.

the building standard 1SO 52016 (ISO 2017), expressed
as a function of the zone's time constant and heat-
balance ratio. The building’s thermal loads Qo445 are com-
puted monthly using EnergyPlus for an all-air HVAC sys-
tem and a mixed-mode operation. Cooling setpoints are
set to 27°C for the air temperature, with the presump-
tion that ceiling fans will provide sufficient indoor air
speed to achieve comfort at the mentioned tempera-
ture. The building’s programme and envelope charac-
teristics are introduced at this stage, as well as the epw
weather file extracted from the UWG model. This lat-
ter simulation is run for the analyzed urban geometry
through the Dragonfly plugin, accounting for the energy
exchanges of the selected buildings with the canyon'’s air,
surrounding road and context, and the urban boundary
layer (UBL).

One of the key parameters of the UWG model is the
anthropogenic heat fluxes released into the urban envi-
ronment, which significantly impact the rise in tempera-
tures attributed to the UHI effect. Among these, frcanyon
captures the fraction of heat dissipated by buildings’
HVAC systems into the urban canyon. This value is defined
here as frcanyon = 1-NCSF, assuming that the heat that

Table 2. UWG parameters.

Tree cover Grass cover Traffic heat Roof Walls
fraction [-] fraction [-] flux [W/m?] albedo [-] albedo [-]
0.1 0.0 8 0.8 0.3

is not dissipated to either the ground or the night sky
will reach the urban canyon. A positive feedback loop
is then created: as the heat rejection to the urban sinks
increases, the UHI effect attenuates, which in turn reduces
the building’s cooling loads and, consequently, the need
to reject heat in the first place. This process is incorpo-
rated into the simulation workflow by updating the value
for freanyon iteratively until convergence is reached. The
rest of parameters introduced into the UWG model, based
on the available mid-rise residential template, are the
following (Table 2).

Finally, the operational cooling carbon is calculated for
a carbon intensity Cgjec (kgCOze/kWh) corresponding to
the electricity grid of the location of study and an annual
COP value. The grid carbon intensity of each location was
selected from BP’s Statistical Review of World Energy 2022
(2022): 0.39 kgCO,e/kWh for Cairo, 0.5 kgCO,e/kWh for
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Figure 6. Flowchart summary of the required inputs (fixed and variable), obtained metrics, and tools used throughout the multi-domain
simulatoin framework. Values correspond to the case study presented in section 4.

Bangkok, and 0.45 kgCO,e/kWh for Algiers.

t=12
(Qload (t) - Qdiss (t)F (t))celec
CO; €cooling = Z
- coP
+ qump Celec (19

The required pumping energy Qpump is calculated using
the Darcy-Weisbach equation, accounting for major
losses due to friction along the pipes and minor losses in
bends.

3.3.4. Multi-domain simulation framework

The combination of the different analysis and simulation
methods presented in the previous sub-sections results
in a holistic workflow that connects and establishes rela-
tions between the constituent parts (structure sizing, UHI

Table 3. Variables’ bounds.

Bounds
Total width X;oq/(m) 10 < Xotar < 25
Number of floors n 2<n<10

assessment, ground, and night-sky cooling). This multi-
domain framework requires a broad range of input data
across fields and scales, all of which are input within the
Grasshopper user interface. Figure 6 summarizes those
through a system flowchart that allows for qualitatively
identifying tradeoffs between the multiple processes (for
example, foundations with more surface area benefit
from the heat dissipated through the ground to the detri-
ment of increased embodied carbon) and opportunities
for enhanced carbon savings (UHI mitigation measures
will bring down the cooling loads and simultaneously
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Figure 8. The night sky cooling NCSF decreases with FAR for all climates given the lower ceiling-to-floor ratio. In constrast, the ground
cooling NCSF increases with higher urban densities thanks to the larger foundation areas.

increase the total heat dissipation). The showcased values
correspond to the case study analyzed in section 4.

As observed, inputs are organized into six main inter-
related groups: geometry, climate, soil conditions, struc-
tural system selection, sky dissipation system, and ground
dissipation system. The tools used at each step, either
analytical models or simulation software, are also high-
lighted alongside the intermediary outputs necessary
to obtain the final metrics. Additionally, the framework
presents a feedback loop between selected outputs and
inputs, allowing for an iterative evaluation (and potential

optimization) of urban geometries in a fast and stream-
lined manner. This sampling process is conducted using
the Design Space Exploration (DSE) plugin developed by
the Digital Structures group at MIT (Brown, Jusiega, and
Mueller 2020).

4. Results

The following section presents two main application
scenarios for the proposed multi-domain methodology:
(1) iterative sampling across design options to identify
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Figure 9. For a given climate, the structural-to-cooling carbon ratio largely depends on the building’s cooling loads and ability to dissi-
pate heat. In humid climates like Bangkok's, the operational carbon predominates due to the low performance of the selected systems
and high loads, while in hot desertic climates (Algiers, Cairo), the embodied carbon is comparatively larger.

correlations between urban geometry and the different
performance metrics and (2) the in-depth analysis of the
heat dissipation potential of selected geometries on a
month-by-month basis.

4.1. Design sampling

A combination of 135 design options is sampled across
each of the mentioned climates (accounting for the
UHI effect) using the grid sampling tool included in
mentioned DSE plugin. Up to six different metrics are
recorded to holistically evaluate the performance of each
design: cooling operational and structural embodied car-
bon (kgCO,e/m?), heat dissipated through the night sky
and the ground (kWh/mZyear), floor area ratio (FAR) and
plan area density (1,). The two geometric variables Xiotq/

and n (Figure 7) are sampled within the following bounds
(Table 3).

The sampling results reveal how the structural embod-
ied carbon increases with FAR due to the higher founda-
tion area A¢ in taller buildings and, to a lesser extent, the
larger column sections on lower floors. The contribution
of these two elements to the building’s overall structural
carbon budget results in an 80% variability in the sampled
values, from 107.1 kgCO,e/m? to 192.4 kgCO,e/m?.

Figure 8 shows the NCSF factor (the fraction of cool-
ing load met by each heat sink) for all considered designs.
As anticipated, the analyzed low-energy technologies are
most effective in dry climates (lower Tgjnk_sky) with higher
seasonal temperature fluctuations (lower Tink_ground)-
Geothermal cooling, when available, increases with FAR
in Algiers and Cairo due to the larger foundation areas.
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Figure 10. As expected, the designs’ carbon impact (combining structural and cooling carbon) increases with FAR. This tradeoff varies
with A,, showing lower carbon emissions for equivalent FAR as the plan area density A, increases.
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Figure 11. Summary of Natural Cooling Savings Fraction (NCSF) values for each heat dissipation system across FAR and plan area density
(Ap). The values for each table are not additive, as they may refere to different designs.

On the contrary, the night sky NCSF reduces with FAR
for all climates: as neighbourhoods become denser, the
ratio of roof area to floor area decreases. Overall, the cool-
ing potential through the sky is predominant for most
cases, reaching values of up to 0.7 in Cairo and 0.15 in
Bangkok. Only for designs in Algiers with FAR > 5.5, is it
more efficient to dissipate heat through the ground than
the night sky.

These sampling results display the significant sensitiv-
ity of the neighbourhoods’ heat dissipation potential to
their urban geometry and weather conditions. Figure 9
condenses them into a single operational carbon value

for a 50-year building lifespan and compares the results
to the structural embodied carbon computed in paral-
lel. As observed, in climates where the heat dissipation
strategies are most effective (Algiers, Cairo), the relative
impact of the embodied carbon is much more prominent
than in hot-humid locations such as Bangkok, in which
NCSF values are much lower. In absolute terms, the 50-
year cooling carbon can become up to seven times higher
in Bangkok (1087 kgCO,eq/m?) compared to Cairo (148
kgCOeq/m?).

Finally, Figure 10 synthesizes the carbon calculations
into a single cumulative value for the structural and



Temperature [°C]

Apr May Jun Jul

Teff ground (UHI)
Teff ground (rural)

------- Teff sky (UHI)
Teff sky (rural)

JOURNAL OF BUILDING PERFORMANCE SIMULATION 285

Aug Sep Oct

------------- Tin = 26.5°C

Figure 12. Predicted mean daily values for ground (2 m depth) and sky effective temperatures in Cairo’s climate. The UHI values

correspond to the urban geometry G2.

cooling emissions as a function of FAR. These plots
highlight the expected correlation between FAR and
environmental impact but also reveal an insightful clus-
tering of the data as a function of the plan area density A,.
The mentioned tradeoff between FAR and carbon emis-
sions improves as 1, increases, meaning that it is possible
to reach a higher built floor area for the same kgCO,e
value (or decrease the carbon impact for a given FAR
value). Buildings with larger widths (higher A,) permit
increasing FAR while maintaining the same roof-to-floor
area ratio, not compromising the cooling capacity of the
night sky radiator. However, reducing the urban footprint
can be preferable from other perspectives not covered
in this paper (access to green open spaces, for example),
thus the need to display the full spectrum of sub-optima
results for any given A, value.

The findings of this first study are summarized in
Figure 11, providing design guidelines for each of the
three analyzed climates across different FAR and plan area
density (Ap) ranges. The upper table shows the Natural
Cooling Savings Fraction (NCSF) achieved by the night-
sky heat dissipation system, while the lower refers to the
ground heat dissipation system. As identified in the pre-
vious pages, higher A, values favour the performance of
the roof radiator, while denser urban designs (higher FAR)
lead to improved ground dissipation.

4.2. Urban heat island assessment

The presented workflow also provides the opportunity to
analyze in detail the interactions between the available

heat sinks and the urban microclimate. Design G2 is
selected for this brief study, a neighbourhood geometry
with values of FAR = 4 and A, = 0.8. Figure 12 presents
the effective temperature for both urban sinks (Teft_ground
and Tef_sky) in Cairo, comparing the original rural weather
file with the morphing captured by the UWG model. As
observed, the UHI effect increases both effective temper-
atures, with a uniform 0.7°C increment in Teff groung due
to the warmer soil surface and higher peak values for
Teff _sky- This circumstance reduces the AT between the
heat sink and the exchanger’s inlet temperature (set here
as 26.5°C), which compromises the availability of the heat
sinks during some periods of the year.

Figure 13 further expands this analysis by evaluat-
ing the monthly cooling loads and total energy dissipa-
tion across three different geometries (G1, G2, and G3)
with equal building plan area density (0.8) and varying
FAR (1.6, 4, and 8, respectively). As expected, increas-
ing the density of a given urban design has a double-
fold negative impact: cooling loads rise as a result of the
added anthropogenic heat fluxes, while the rate of cool-
ing demand covered by low-energy systems decreases
due to the lower ratio of dissipation surface relative to the
floor area. Despite this, the combined ground and night
sky cooling significantly reduces the buildings’ depen-
dence on conventional air conditioning systems across all
designs, especially during the shoulder seasons. The heat
dissipation systems cover 100% of the cooling demand
for all geometries during April, May, June, and October,
with the exception of G3 during June (covering 88%). This
analysis also evidences the reduction in the availability of
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Figure 13. Cooling energy breakdowwn (active cooling, night-sky, and ground dissipation) across three different urban designs (G1, G2,
and G3) with equal building plan area density (0.8) and increasing FAR (1.6, 4, and 8, respectively). As observed, the heat dissipations
systems cover 100% of the cooling demand during the shoulder seasons for all geometries and a significant percentage during summer
months for designs with lower FAR such as G1 (80% in July and 51% in August). Additionally, the total cooling load decreases by 1-3%
compared to the baseline thanks to the reduction of heat released into the urban canyon.

the ground as a heat sink after the month of July due to
the ground’s thermal lag identified in the previous plot.

The dissipation of heat through alternative sinks
presents the added benefit of reducing the anthro-
pogenic heat fluxes released into the urban canyon,
which in turn decreases the urban temperatures (a pos-
itive feedback described in more detail in section 3.3.3).
Figure 13 includes the impact of this UHI mitigation pro-
cess on the monthly cooling loads of the three designs.
Cooling loads are, on average, 1% lower during the sum-
mer months and can be up to 3% lower for geometries
with higher FAR. This phenomenon positively impacts the
urban microclimate, decreasing the number of outdoor
thermal discomfort hours, measured as values above 26°C
on the universal thermal comfort index (UTCI), by 1% on
average.

5. Conclusions
5.1. Summary of contributions

The design of heat-resilient and resource-efficient cities
is a pressing matter, requiring novel simulation tools
that simultaneously account for buildings’ embodied

and operational impact as highlighted by recent lifecy-
cle studies on residential neighbourhoods (Gauch et al.
2023). The presented paper contributes to this ongoing
research effort through an innovative, multi-domain sim-
ulation workflow that focuses on the design of low-
cost, integrated heat sinks at an urban level. Such sys-
tems have the potential to provide low-energy cooling
with a reduced material impact, demanding accessible
and holistic design tools that help uncover systems-
level optimization opportunities. Methodologically, the
contribution of this research mainly lies in three aspects:
(1) the implementation of a flexible and computation-
ally fast parametric design framework (combining ana-
lytical models and numerical simulations) tailored for
early-stage decision processes, (2) the consideration of
the building-city interactions between the heat sinks
performance and the urban morphology (3) the evalu-
ation of the building structural material budget and its
environmental impact relative to the operational cooling
carbon.

The results presented in section 4 exemplify the
method'’s integrated approach and suitability for iden-
tifying synergic solutions. Two well-studied and avail-
able heat dissipation systems were analyzed (shallow



geothermal and night sky cooling) for a hypothetical case
study, analyzing their performance across three hot cli-
mates and two geometric variables (number of floors n
and block width Xiotq). The parametric study revealed
how the night sky cooling performance decreased with
FAR for all climates, contrarily to the ground cooling,
which increased with higher urban densities thanks to
the larger foundation areas. In the case of Algiers (a
Mediterranean climate with hot summer), a natural cool-
ing saving fraction NCSF = 1 was achieved for FAR < 4.5,
revealing designs exclusively conditioned by the heat
dissipation systems. Comparison of the structural and
cooling carbon revealed that operational emissions
predominated in Bangkok, a humid climate with high
cooling loads and low NCSF, while embodied emissions
prevailed in Algiers and Cairo as a result of the higher
NCSF.

Similarly, the urban heat island assessment high-
lighted the multi-scale advantages of heat dissipation
strategies. In alignment with recent studies on the urban
heat mitigation benefits of energy efficiency measures in
buildings (Baniassadi et al. 2022), the leverage of urban
heat sinks has a combined positive effect on the build-
ings’ energy use (lowering the dependence on active
cooling systems) and urban temperatures (reducing the
heat released into the urban canyon). The analyzed case
study showed that, together with the low-energy cool-
ing provided, the heat sinks provide a 1% reduction in
the outdoor discomfort hours (UTCI > 26), which lowered
the buildings’ cooling demand by 1%. These percentages
could potentially be larger for more energy-intensive
building uses.

5.2. Limitations and future work

The proposed multi-domain workflow presents both limi-
tations and opportunities that should be tackled in future
work by either extending this framework or contributing
to existing urban design tools. First, the method could be
expanded to a broader array of heat dissipation technolo-
gies by calculating the corresponding effective tempera-
tures Teff and overall heat transfer U values. These include
alternative versions of the studied systems for example,
recent advances in low-cost daytime radiative cooling
(Zhai et al. 2017) that can be integrated in naturally ven-
tilated buildings (Fortin et al. 2023) or other integrated
heat sinks not explored in this work, such as evaporative
cooling. Similarly, the presented framework is, in princi-
ple, applicable to existing cities and could thus be further
developed in the context of building retrofitting and cli-
mate future-proofing.

Concerning the limitations, it is important to keep in
mind the assumptions made by the chosen analytical
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models (see sections 3.3.1. and 3.3.2) and their associ-
ated margin of error. More importantly, future versions of
this method should include the consideration of seasonal
regeneration strategies for the ground cooling (extract-
ing heat for space heating during winter, or producing
domestic hot water, among others) and guidelines on the
adequate spacing between integrated HGHE at a neigh-
bourhood scale. From an implementation point of view,
embedding water pipes inside structural elements comes
with an associated leakage risk that can become complex
to repair. This problem is commonly overcome through
a series of safety measures, such as over-pressurizing the
circuit before casting the concrete or creating registra-
tion points, as well as using appropriate piping materi-
als for instance, high-density polyethylene (Brandl 2006).
Finally, a more extensive parametric study should con-
sider the interaction between multiple urban design vari-
ables and adding socio-architectural evaluation param-
eters (Bardhan et al. 2018). While the results presented
here show that buildings with higher plan area density
(Ap) tend to perform better from a heat dissipation per-
spective, neighbourhoods with lower Ap offer space for
larger green areas, providing an essential infrastructure
for urban heat mitigation and social gathering. Future
versions of this method will hopefully provide solutions
to these and many other multi-domain design challenges
that lead toward a more sustainable and resilient urban
environment.

As the need for cooling increases globally, a societal
shift is needed from conventional air conditioning sys-
tems to alternative heat dissipation strategies that are
affordable and that do not warm up our cities further.
This paper has presented a method to design and simu-
late two well-studied systems integrated within structural
components, demonstrating the possibility of leverag-
ing the ground as a seasonal sink and the universe as
an infinite sink to cool cities globally, especially those in
temperate and hot-dry climates.
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