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Abstract 
This paper proposes a novel assessment of how the 
material reduction of structurally optimized ribbed 
concrete floor systems impacts their thermal mass 
performance. Through the use of conjugate heat transfer 
simulations, three metrics are evaluated for four different 
ceiling geometries. Both the passive and active behavior 
of the floor systems are analyzed, quantifying the effect 
on the room’s thermal comfort for the former, and the 
cooling rate for the latter. Results obtained demonstrate 
that, if shaped optimally, up to 30% less structural 
material can be used compared to conventional flat 
solutions without any reduction in thermal mass capacity. 
 

Key Innovations 
 Simultaneous study of the thermal and structural 

performance of concrete floor systems. 
 Use of conjugate heat transfer simulations for 

evaluation of occupants’ thermal comfort. 
 Proposal of lightweight thermal mass elements 

through shaping processes 
 

Practical Implications 
When evaluating building systems with complex element 
geometries, whole-building simulation engines are 
limited in their inability to capture three-dimensional heat 
transfer processes. Conjugate heat transfer simulations 
allow modeling of the solid of study, as well as its 
interactions with the surrounding air and surfaces through 
radiation and convection. 

 

Introduction 
As decarbonizing the building sector becomes 
increasingly urgent in the context of the global climate 
crisis, opportunities for considering the integration of 
design strategies and systems are emerging as an 
important area of research. The proposed work 
specifically studies the interaction of concrete floor 
systems in buildings as both structural elements with 
embodied energy and thermal systems with an impact on 
the occupants’ comfort. As cities around the globe 
become denser and warmer, it is necessary to propose 
construction technologies that not only are materially 
efficient, but also contribute to the thermal resilience of 
buildings. 

Dematerialization through structural optimization 

Concrete, once the material of “development” and 
“modernity,” is now a major contributor to climate change 
and resource depletion. Its production contributes 5-8% of 
global carbon emissions and 10% of industrial water use. 
Despite this, concrete is the most used construction 
material on earth: twice as much is produced as all other 
industrial materials combined (Van Damme, 2018). In 
response to this, structural optimization has historically 
offered multiple methods and solutions to minimize the 
use of material needed for any loading conditions. 

Along these lines, recent work from Ismail and Mueller 
(2019) has shown that shaping floor slabs through 
structural shape optimization can lead to substantial 
embodied energy reductions compared to typical flat 
slabs, resulting in ribbed structural ceilings that efficiently 
distribute the carbon-intensive material. By shaping the 
slab according to its load envelope, 50-70% reduction in 
embodied energy is achieved with no loss of strength. 
This paper aims to study how these material savings affect 
the thermal mass capacity of these elements and, at the 
same time, investigate if the shaping process could 
potentially be informed from a thermal point of view.  

 

Thermal mass and extended surfaces 

The benefits of thermal mass on the operational energy of 
buildings and thermal comfort of occupants have been 
extensively studied both in contemporary research and 
vernacular architecture (Verbeke and Audenaert 2018). 
These improvements have been demonstrated to be 
particularly significant in warm climates, given the ability 
of thermal mass to flatten and shift indoor temperatures. 
This work builds upon this knowledge and focuses on the 
unanswered question of how the geometry of thermally 
massive components affects their thermal performance.  

In this direction, heat transfer theory on extended surfaces 
provides a range of solutions for ways to increase heat 
flow between the studied object and its surrounding 
environment. For instance, previous research on 
optimization of rectangular fins under free convection 
defines an optimal spacing below which their 
performance drastically drops due to airflow restrictions 
(Jones and Smith 1970). On a building component scale, 
recent studies on radiant cooling systems propose foldable 
devices that increase the convective heat transfer through 
geometry (Grinham et al. 2020).  
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Structural-thermal integration: Literature reviewed 

This paper continues a relatively unexplored line of 
research on the simultaneous structural and thermal 
analysis of construction elements as a path towards an 
optimal integration of functions. Craig (2019) studied the 
coupling of thermal mass and ventilation, offering tools to 
optimize buildings’ proportions in a way that a buoyancy 
loop is naturally enhanced. While the author 
acknowledges the potential use of these thermal mass 
elements as bearing walls, the evaluation of their 
structural performance remains unexamined.  

In recent years, the building industry has also 
commercialized several integrated building systems. For 
example, Termodeck is a pre-cast concrete slab that 
utilizes its inner hollow cores as ventilation ducts. Past 
studies have analyzed the thermal performance of these 
floors and the optimal distribution of its cores, but no 
work has been found on their combined structural and 
thermal design (Barton, Beggs, and Sleigh 2002). Finally, 
research from Huberman et al. (2015) optimized the form 
of vaulted roofs from a life-cycle perspective. The 
methodology proposed by the authors includes both an 
embodied and operational energy analysis by combining 
structural analysis with thermal simulations. The work 
presented here aligns with this multi-disciplinary 
approach, exploring new methods of shape optimization 
and incorporating an assessment on thermal comfort 
through the use of CFD numerical tools.  

 

Methods 
This section provides a detailed explanation of the 
proposed methodology to evaluate shaped concrete slabs 
both structurally and thermally. As shown in Figure 1, the 
process accounts for the climatic and programmatic 
specificities of any given location.  

 

 
Figure 1: Methodology overview 

First, once a structural load case is obtained, slab 
geometries are explored using the structural optimization 
methods presented by Ismail and Mueller. The most 
suitable shaped slabs are then selected according to their 
embodied energy savings, as well as other desired 
geometric properties. Finally, these study cases are 
thermally assessed under the outdoor boundary conditions 
of the given climate. The main contribution of this work 
lies in this last step, in which three metrics are proposed 
and applied to holistically evaluate the thermal mass 
capacity of each slab under three different conditions. 

 

Location and program 

Two locations with different hot climates are selected: 
Bangkok and Cairo. For each case, a 24h sinusoidal 
period is obtained from the 1% cooling design day 
specified in the corresponding design day (ddy) weather 
file. 

 Bangkok: tropical wet climate (1) 

T(t) = 31.55[C]  – 3.55[C]  sin (2πt/86400[s])     (1) 

 Cairo: hot desert climate (2) 

T(t) = 30.95[C] – 5.75[C] sin (2πt/86400[s])       (2) 
 

These two temperature curves are used as outdoor 
boundary conditions in two of the three metrics explained 
in following sections. As observed in Table 1, both 
representative hot days present similar mean 
temperatures, but differ on the temperature amplitudes. 

 
Table 1: Representative hot day characteristics 

 Bangkok Cairo 

Mean Temperature [C] 31.55 30.95 

Temperature 
Amplitude [C] 

7.1 11.5 

Relative humidity [%] 75 60 

 

A residential use is assumed for both cases. This translates 
into a standard 2kN/m2 structural load, plus the self-
weight of the slab, which is applied in the structural 
optimization process. 

 

Slab geometry selection 

The structural optimization methods proposed by Ismail 
and Mueller are based on analytical models that allow for 
exploring materially-efficient slab geometries with high 
precision and at great speed. The constrained nature of the 
optimization problem ensures that all the obtained 
concrete slabs fulfill the building code requirements 
applied to this type of structure, such as the flexural and 
shear capacity, ductility requirements, and rebar clear 
cover. Moreover, these procedures have been integrated 
into the visual programming interface Grasshopper3D, 
which gives the possibility of exploring the design space 
in a much more interactive way. 
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Figure 2: Analyzed shaped slabs 

 

For the purpose of this paper, four geometries are 
generated: two flat slabs and two shaped slabs. Both 
shaped slabs, shown in Figure 2, have the same volume of 
concrete and satisfy all the structural requirements 
necessary to support the applied loads. Both achieve a 
30% material savings relative to the structural equivalent 
flat slab, which is 12 cm thick. To obtain these complex 
geometries, control points across multiple sections of the 
slab are defined as the variables of the optimization 
problem. Next, a gradient-based solver is applied using 
the DSE plugin for Grasshopper (Brown et al. 2020). The 
optimal solution is found for the combination of variables 
that minimizes the embodied energy of the slab, while still 
satisfying the constraints. 

From a thermal point of view, this work aims to 
understand the implications that geometry has in the 
radiative and convective heat transfer processes between 
the slab and the surrounding room. To assess this, three 
main geometric characteristics are analyzed and 
summarized in Table 2: 

 Exposed surface ratio [unitless]: total ceiling surface 
divided by the projected room surface 

 View factor [unitless]: using the view-vectors 
projection methods offered by the open-source 
Ladybug tools, an average value of the slab’s view 
factor is calculated, relative to the room’s floor 
(Roudsari et al., 2013) . As observed in Table 2, the 
shading between ribs decreases the view factor of the 
shaped slabs, compared to the flat solutions. 

 Rib depth-to-width ratio [unitless]: the rib depth d2 
divided by the distance between them d1 

 

Table 2: Shaped and flat slabs characteristics 

 
Flat  

8.5cm 
Flat  

12cm 
Shaped 

v1 
Shaped 

v2 

Volume [m³/m²] 0.085 0.12 0.085 0.085 

Structural load 
capacity [kN/m²] 

- 2 2 2 

Exposed surface 
ratio [-] 

1 1 1.8 3.2 

View factor [-] 1 1 0.7 0.6 

Rib depth-to-
width ratio [-] 

- - 0.47 0.94 

Finally, a volume-equivalent flat slab to the shaped slabs, 
which is 8.5 cm thick, is also analyzed. While this option 
is not structurally viable for the design loads, it is a helpful 
benchmark for thermal comparison with the shaped slabs. 
 
CFD simulations: Conjugate heat transfer 

Unlike whole-building simulation engines, computational 
fluid dynamics (CFD) simulations allow for the modelling 
of complex geometries. More specifically, conjugate heat 
transfer (CHT) analyses simulate the heat exchanges 
between solid and fluid domains, in this case, the concrete 
slab and the surrounding room air. Using commercially 
available CFD software, a single room is modelled to 
numerically analyze the impact that the different concrete 
slab geometries have on thermal comfort in the room. 

The simulation settings were configured following the 
guidelines proposed and validated by Menchaca-Brendan 
et al. (2017) for naturally-ventilated rooms that account 
for the radiative heat transfer between surfaces. These 
include turbulence model (k-є RNG), solution method, 
mesh type, radiation model (surface-to-surface, with 
emissivity of all surfaces defined as 0.9), convergence 
criteria, and air model (Bousinessq approximation). Chen 
(1995) compares five different k-є models for indoor 
airflow and recommends the RNG model as the most 
stable and accurate option. 

The boundary layer between the concrete slab and the air 
was modelled with an inflation layer of parallelepiped 
elements, forming the closest node at 5mm distance. Two 
materials are defined: 

 Concrete (slab): density 2400 kg/m³, specific heat 880 
J/kg·K, conductivity 1.2 W/m·K 

 Insulation (façade): 20 kg/m³, specific heat 800 
J/kg·K, conductivity 0.03 W/m·K 
 

Simulations were validated with two experimental data 
sets: natural convection cases were compared with the 
results from Olson et al. (1990), while mixed convection 
simulations were validated using the experiment 
conducted by Blay et al. (2002)  

 

Thermal performance assessment 

The Standard Effective Temperature (SET) index 
(ANSI/ASHRAE 2017) is used to accurately measure the 
impact that the concrete ceilings have on the occupants’ 
thermal comfort in periods of high outdoor temperatures. 
This index accounts for the room’s mean radiant 
temperature (MRT), temperature and relative humidity of 
the air and air speed, and the activity rate and clothing 
level of users. Combining the data obtained from the CFD 
simulations together with basic assumptions on the 
occupant’s behavior, SET is computed to define two 
passive metrics, each based in a well-known bioclimatic 
strategy: passive thermal mass and night-flush ventilation. 
Additionally, this work proposes a third metric that 
measures the cooling capacity of the slab when used as an 
active cooling system. Each metric is described as 
follows: 
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1. Passive thermal mass (transient): A 4x1.5x2.5m slice 
of a larger residential room is modelled. As described 
in Figure 3, both horizontal surfaces are defined as 
adiabatic, as well as the rear wall. The side surfaces 
behave as symmetry planes, to reduce simulation 
time. A convective boundary condition is applied in 
the façade, according to the temperature curves 
defined in equations (1) and (2) and an exterior heat 
transfer coefficient of 25 W/m²K. The façade has a 
thermal conductance of 3 W/m²K, associated with a 
1 cm thickness of the described insulation material.  
Transient simulations were run for a three-day period 
to ensure a correct stabilization of temperatures. The 
SET index was computed throughout the simulation 
using the Python package pythermalcomfort for both 
exterior and interior conditions (Tartarini and 
Schiavon 2020). To calculate the latter, CFD 
simulations provided temperature and air velocity 
data for a central point Po, as well as surface 
temperatures used to calculate the mean radiant 
temperature. Regarding the occupants, a 0.5 clothing 
insulation and 1.2 metabolic rate was assumed. 
Equation 3 describes the damping coefficient used to 
evaluate and compare the passive cooling capacity of 
each geometry for the analyzed climates. 
 

Damping coefficient = 
( , , )

, ,
     (3) 

 
2. Night-flush ventilation (transient): Using the same 

geometry and boundary conditions as in the previous 
metric, a velocity inlet and pressure outlet are 
introduced. This accounts for ventilation, which is 
designed following a night-flush strategy. During 
daytime, a velociy of 0.004 m/s is applied, which 
corresponds to an inflitration rate of 0.003 m³/s of air 
per m² of façade. At night, during a 6h period, this 

rate increases to 0.07 m/s, equivalent to 4 air changes 
per hour. The insulation thickness of the façade is 
increased to 5 cm, as a strategy to increase the room’s 
time constant during the day and retain the cold 
temperatures obtained at night. 
 

3. Active cooling capacity (steady-state): This metric 
accounts for the possibility of thermally activating 
the slab by, for example, embedding water pipes 
inside the concrete. The concrete floors are evaluated 
as HVAC systems and, as such, the results obtained 
are  expressed in terms of thermal power, understood 
as the maximum cooling capability of the slab for a 
specified temperature difference. As shown in Figure 
3, given an initial room temperature To, the top 
surface of the slab and the incoming air are kept at 
constant temperatures Ts and Ti respectively, which 
are defined as: 

Ts = To - 1C     (4) 

Ti = To + 1C     (5)  

 

The warm air comes through  the inlet at a constant 
velocity of 0.05m/s, the slab progressively cools the 
air, which sinks due to negative buoyancy and finally 
leaves the room through the outlet. The simulation is 
run until it reaches steady state. At that point, the total 
heat flux absorbed by the slab’s surface through 
convection and radiation is recorded as the cooling 
capacity expressed in W/m². It is expected in future 
work to evaluate the impact that this system has 
throughout a year by using whole-building simulation 
engines, as well as to study its performance in humid 
climates where avoiding condensation would be an 
important challenge.   
 

Figure 3: Each slab geometry is evaluated using two passive metrics (1 and 2) and one active metric (3). 
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Results and discussion 
This section is divided into two main parts: (1) a detailed 
analysis of the thermal behavior of a shaped slab 
compared to its volumetric equivalent flat slab; and (2) a 
summary of the obtained performance metrics. 

 

Shaped and flat slab comparison 

Figure 4 shows the SET values computed for a 24 h period 
under a passive thermal mass scenario. Two floors with 
the same volume of concrete are analyzed, the shaped slab 
v1 (Figure 2) and the 8.5 cm thick flat slab. The outdoor 
boundary conditions correspond to the hot desert climate 
in Cairo, with a temperature amplitude of 11.5 C.  

 
 

Figure 4: The shaped slab achieves a 0.2C SET 
reduction on a passive thermal mass scenario. 

 
At night, the SET values for both slabs are almost 
identical, meaning that their impact on the room air 
temperature, mean radiant temperature, and airspeed is 
extremely similar. Differences are observed during the 
daytime when the ribbed slab achieves a 0.2 C reduction 
of the peak SET value. This translates into an increment 
of the damping coefficient from 0.81 to 0.84, an 
improvement that is consistent for Bangkok’s climate.  

The reason for this modestly improved diurnal 
performance is illustrated in Figure 5, a plot of the total 
radiative and convective heat flow through the structure’s 
exposed surface. In agreement with the previous graph, 
both heat transfer processes present small differences at 
night but differ noticeably during the day. More 
specifically, heat exchanged through convection between 
the air and the concrete shaped slab increases from 5.5 W 
to 8.2 W, which leads to cooler air temperatures at Po 
relative to the flat slab case. At the same time, due to the 
reduction in the shaped slab’s view factor, the heat 
absorbed through radiation decreases from 31.1 W to 28.4 

W. Despite this, the flat slab’s surrounding surfaces don’t 
reach cooler temperatures than the shaped-slab case 
(Figure 6), as a result of the energy balance with the 
warmer room air. In summary, the ribbed ceiling has a 
more positive impact on the room’s comfort because the 
MRT stays the same while the air temperature is slightly 
reduced. 

  

 
Figure 5: Total convective and radiative heat flow 

through the slab’s exposed surface [W] 

 

 
Figure 6: Air temperature at the reference point Po and 

room’s mean radiant temperature (MRT) [C] 

 

Given these results, it is relevant to ask why the shaped 
ceiling outperforms the equivalent flat geometry only 
during the daytime. As observed in Figure 7 (18 and 21 
h), during warmer times of day the hot air rises and is 
distributed along the whole contour of the slab. This 
allows the concrete to take advantage of its extended 
surface and more efficiently absorb the heat from the air, 
which then cools down, sinks, and generates a natural 
buoyant loop (not shown). In contrast, at night the slab 
warms the surrounding air, which gets trapped between 
the ribs (6 and 9 h) and therefore decreases the effective 
area exposed to the room’s cold air. 
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Figure 7: Temperature contours obtained from the CFD 
simulations (Cairo climate). All images correspond to 
the same central plane, distributed along a 24h period.  

 
A very similar performance is obtained when the night-
flush ventilation case is simulated. As observed in Figure 
8, once again the shaped slab provides a slight decrease in 
the SET values compared to the flat slab, improving the 
damping coefficient from 0.86 to 0.88. From a thermal 
resilience perspective, both cases provide more 
comfortable daily temperatures, relative to the passive 
thermal mass metric. Increasing the ventilation rate at 
night lowers the thermal mass temperature to a greater 
extent, which then acts as a heat sink during the day. CFD 
simulations reveal how the cold night air entering the 
room rapidly sinks and does not directly contact the 
concrete structure. Future work will investigate ways of 
increasing the convective exchange between both by, for 
instance, directing the air towards the slab through the use 
of fans and/or modifying the openings’ geometry. 

 

 
Figure 8: The shaped slab achieves a 0.1C SET 
reduction on a night-flush ventilation scenario. 

Finally, the shaped slab clearly outperforms its flat 
equivalent when analyzing the active cooling capacity 
metric.  Figure 9 shows the temperature plots obtained 
when the CFD simulations reach steady-state, displaying 
a final temperature gradient between the incoming warm 
air, the cool top concrete surface and the bottom-right 
outlet. Thanks to its extended surface and direct contact 
with the inlet air, unlike the night ventilation scenario, the 
ribbed ceiling increases its cooling rate by 14%, expressed 
in W/m² (Figure 11). It is also interesting to observe how, 
as analyzed by heat transfer theory on extended surfaces, 
the shape slab presents a temperature variation within its 
ribs. This results from the thermal balance at every point 
of the ribs between the heat conducted through them and 
the heat absorbed/released by convection and radiation 
with the environment. 

 

 
 

Figure 9: temperature contours obtained from the active 
cooling CFD simulations. Both images correspond to a 

longitudinal plane once steady-state is reached. 

. 

Metrics results  

Figure 10 summarizes the simulation results obtained for 
all the possible combinations of climates, geometries and 
passive metrics described in the methods section. The 
values reveal several notable patterns across geometries. 
First, the damping coefficient increases in all cases when 
applying a night-flush ventilation strategy, compared to 
the passive thermal mass scenario. This confirms the 
suitability of increasing the ventilation rate during the 
nighttime, independent of the climate and geometry. 
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Secondly, all simulations achieve a greater damping 
coefficient for Bangkok’s climate, i.e. the climate with a 
smaller temperature amplitude.  These differences across 
geometries and metrics are reduced when measured in 
absolute terms, given the larger temperature amplitude of 
Cairo’s climate. 

Another noteworthy result is that, despite having 40% less 
concrete, the 8.5 cm flat slab has the same thermal 
performance as the 12 cm floor under the passive thermal 
mass conditions. These results are consistent with the fact 
that both geometries are close to the analytically defined 
thermal penetration depth for the chosen concrete 
properties and a 24 h period (6).  

δp = =  12.5 𝑐𝑚                          (6) 

 
As confirmed by the CFD simulations, the slab’s inner 
temperature, and consequently the room’s comfort 
conditions, experience little variation beyond the 8.5 cm 
thickness for the passive thermal mass conditions. 
Differences arise when observing the night-flush 
ventilation scenario. In this case, the thinner flat slab 
achieves a greater damping coefficient thanks to its 
capacity to rapidly cool down during the limited 6-hour 
ventilation period;  the 12cm slab has a greater thermal 
inertia due to the extra 3.5cm of concrete core, which 
therefore needs more time to be cooled down at night . 

Focusing on the shaped slabs, the variations in metrics 
observed in Figure 10 exemplify how choosing the 
appropriate ceiling geometry can have a noticeable impact 
on the occupant’s thermal comfort. Thanks to its greater 
exposed surface ratio, shaped slab v2 increases its 
convective energy exchange during the daytime peak 
relative to the shaped slab v1 from 4.5 to 5.1 W. However, 
this is counteracted by the view factor reduction in v2, 
which consequently diminishes the heat exchanged by 
radiation between the soffit and the surrounding surfaces 
from 17.8 to 16.9 W. The combination of these two 
factors lead to a slight improvement in the overall 
performance of the shaped slab v1 with respect to v2. It is 
also important to highlight that neither of the two ribbed 
ceilings performs worse than the flat equivalent floors, 

according to the passive metrics shown. More 
significantly, shaped slab v1 outperforms both flat slabs, 
proving that structural optimization can be formulated to 
achieve significant material reduction while still 
improving the system’s passive thermal performance. 

Finally, both shaped slabs also display better results when 
analyzing the active cooling capacity metric. As observed 
in Figure 11, those geometries with higher exposed 
surface ratios obtain larger heat flux values, once steady-
state is reached. As a consequence, shaped slab v2 
increases by 10% its cooling rate with respect to v1. In 
this case, as opposed to the previous metric in which the 
view factor reduction on v2 penalized its performance, the 
convective advantage of this geometry is enhanced thanks 
to the slab’s activation. Figure 11 also highlights a key 
feature of the cooled concrete slabs, when understood as 
HVAC systems: the rate with which the heat flux initially 
increases is much higher for the shaped slabs than for the 
equivalent flat floors. This results in shorter times needed 
by the ribbed geometries to reach, for example, 60% of 
the total system’s capacity. 

 
 
Figure 11: Energy flux absorbed by the slabs’ surfaces 
throughout a 10-hour period. Points t60 indicate the time 
it takes each slab to reach 60% of the final cooling rate. 
 

Figure 10: Damping coefficient values computed for the selected geometries, climates and metrics.  

NOTE: the y-axis has been trimmed for a better visualization of the results.   
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Conclusions and future work 
Given the substantial material savings provided by 
available structural optimization methods, this research 
poses the question of how the thermal mass performance 
of concrete floor systems is impacted when their volume 
is significantly reduced. The work presented here has 
shown that, despite removing 30% of concrete material, 
the thermal behavior of these new slabs is not only kept 
unaltered, but it can also be modestly improved for 
appropriately designed geometries. Indeed, the detailed 
study conducted on two specific designs indicates that the 
shaping process can be intelligently tuned to match the 
desired performance. More specifically, those geometries 
with larger exposed surface ratio performed better when 
considering the active cooling capacity of the element, 
increasing their cooling rates by 14% to 25% compared to 
the flat floors. On the contrary, when analyzing the 
passive behavior of the slabs, the designs with an 
adequate balance between exposed surface ratio and view 
factor were the ones that achieved greater damping 
coefficients: 4% increase in the passive thermal mass 
metric and 6% for the night-flush ventilation. This paper 
opens the way for an extensive geometry exploration that 
could offer a deeper understanding of the correlations 
between shape and thermal performance, as well as the 
possibility of implementing multi-objective optimization 
techniques. 

This work has also tested the established idea that 
concrete slab dimensions commonly used in the 
construction industry, from 12 to 25 cm thick, are 
materially inefficient from a thermal point of view. As 
demonstrated, increasing the thickness of a concrete floor 
beyond its thermal penetration depth has a negligible 
impact on the occupant’s thermal comfort and is even 
detrimental in some situations. In response, the presented 
methods open the possibility of designing lightweight 
thermal mass elements that, from a life-cycle point of 
view, present both material savings and improved thermal 
comfort conditions for occupants. Future work intends to 
quantify the operational savings of the active cooling slab 
analyzed here, as well as its integration within a whole-
building HVAC system. 
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