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ABSTRACT

Typical commercial construction inherently contains large surface areas of relatively thin mass
located in the floor slabs. This research asks how effective this mass could be for passive cooling,
relative to other mass depths, if it were to be exposed and used as thermal mass. While much
of the rich literature on thermal mass has been conducted with far greater mass depths, a more
limited amount of research suggests that because the surface heat transfer rate is limited, the focus
should be on the surface area of exposed mass, not its depth. This presents an opportunity for

more buildings to behave more thermally massively, if the mass inherent in typical floor slabs
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contains utility, particularly over diurnal cycles. In all climates analyzed it was found that there is
a pronounced shoulder where energy savings from passive cooling of increasing mass depths was
steep until roughly 7.5 cm to 10 cm, and beyond this point the achieved energy savings diminished
rapidly. When considering the embodied energy of concrete, the incremental benefit of added mass
beyond a typical topping slab of 10 cm does not justify the incremental embodied energy cost from

a total energy standpoint alone.

INTRODUCTION

Another article on thermal mass? With all the rich literature on thermal mass, one could be
forgiven for wondering what is still left unsaid. This manuscript does not intend on repeating
past studies on the benefits of thermal mass, but rather to begin to demystify how much mass is
necessary for a building to be thermally massive. We posit that there is a false dichotomy that for
a building to properly use passive cooling it must have deep levels of thermal mass, which with
typical construction practices also means a high embodied carbon building. Out of 86 journals
reviewed in preparing this manuscript, 81 only considered mass depths far greater than typical
construction. Meanwhile, almost all commercial buildings have large surface areas of mass in
their floor slabs, thermally hidden by finishes. It is a potential waiting to be unlocked by being
exposed and used for passive cooling with relatively small accommodations needed for natural
and/or mechanical assist ventilation. Most passive cooling is carried out on diurnal cycles, and as
indicated in this manuscript, a typical slab is well suited to capture the majority of energy savings
available in passive cooling over diurnal cycles.

Thermal mass can shift cooling loads and provide both a dampening and a delaying effect
on internal temperatures which can be applied for energy savings, load reduction, and improved
comfort (Li and Malkawi 2016)). For commercial buildings, the primary strategy with thermal
mass is passive cooling through a night flush. When night time air temperatures are sufficiently
cold, air is brought in to cool the exposed thermal mass, which in turn provides a heat sink for the
following day (Chartered Institution of Building Services Engineers 2000). Since most internal

gains have a significant radiant fraction, if exposed mass is precooled the effect is to prevent those
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internal gains from ever becoming convective loads by the cool mass directly absorbing the radiant
component (Braun 2003), and either controlling the release of its heat at night or retaining it for
benefit (Braham et al. 2001). This is in contrast to a thermally lightweight building without passive
cooling, in which a larger portion of the internal and other gains more quickly become convective
cooling load contributions.

The terms thermally heavy and thermally light are not applied consistently throughout research,
or even well-defined with respect to the depth of mass necessary. Most of the literature on thermal
mass has been conducted with mass levels that are far greater than would be found in typical
construction. The same can be said about most of the publicized buildings that have implemented
passive cooling. However, a smaller amount of research has suggested that the surface heat transfer
is the limiting factor and therefore emphasis should be placed on the surface area of the exposed
mass (Barnard et al. 2001; Yam et al. 2003)).

Supporting this emphasis on surface area rather than mass depth, a handful of studies have
reported diminishing returns with added mass depths (Artmann et al. 2008; Yang and Li 2008;
Henze et al. 2005; |Pfafferott et al. 2003} |Yam et al. 2003}; Breesch and Janssens 2010). Most of these
studies were still based on mass depths far greater than typically construction and none of these
studies were focused on mass depth in particular, but all of them could support an understanding
that thermal mass need not be deep for significant benefit. Most notable among these, Henze et al.
conducted a sensitivity analysis on optimal control of thermal mass and concluded that doubling
the mass depth (from 20 cm to 40 cm), showed only weak returns with respect to cooling load
reduction (Henze et al. 2005). Hajiah and Krarti performed an analysis of optimized controls
for simultaneously using building thermal mass and ice storage and noted “the simulation results
indicate that even with little mass, significant savings can be achieved using the optimal controls”
(Hajiah and Krarti 2012). Pfafferott et al. conducted a parameter analysis on night cooling in the
thermally massive and passively cooled Fraunhofer ISE building for comparison. Two rooms were
modeled in the ESP-r simulation program and used to investigate sensitivity to parameters, including

stepping mass depth and surface heat transfer coefficients (radiant and convection combined) jointly.
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The 10 cm and 15 cm mass depths behave nearly identically under the 8 W/m? K scenario, indicating
that the extra 5 cm of mass did not lead to more savings. The 15 cm case was then modeled with
12 W/m? K and it outperformed both other cases, but the analysis was not repeated for the 10
cm case (Pfafferott et al. 2003). This indicates that increasing the surface heat transfer coefficient
and mass together improved the performance, but without that increase the 10 cm and 15 cm mass
depth cases behaved similarly.

All of the above studies suggest that there is a point at which additional mass depth provides
only diminishing returns, if any, or that notable savings have been demonstrated with thin mass
levels. However, to the authors’ knowledge, the depth of mass necessary for passive cooling has
never been a primary point of study. Three recent literature reviews made no mention of mass
depth as a topic of study, either settled or recent (Olsthoorn et al. 2017} [Sun et al. 2013; Verbeke
and Audenaert 2018). Slee et al. raised the question of how much mass is needed, but their analysis
included measurement water in drums which doesn’t capture the surface heat transfer, and cannot
be used to determine mass depth for buildings by the authors’ own stated context, but rather is an
indication that diminishing returns exist (Slee et al. 2014). The implications of this question are
important, because if the large surface areas of relatively thin mass located in the floor slabs is
adequate for passive cooling over diurnal cycles, then there is a frugality case to be made, as well
as a lower barrier to adoption given that nearly all commercial buildings inherently contain this
mass. Additionally, the embodied energy in concrete is significant, so this is an important variable
to consider if the goal is the lowest total energy solution.

To weigh the question of mass depth for passive cooling, building energy simulations (BES)
were performed for six climate zones with thermal mass exposed as a ceiling. Optimizations
were performed to select optimal settings for the night flush in each climate zone and for different
seasons. The mass depth was then stepped as part of a parametric analysis. Sensitivity studies
were performed on all relevant factors to support the robustness of the findings. Finally, the energy
savings at different mass depths were compared to the embodied energy for a more complete

energy picture. It is important to caveat that this research is being analyzed for buildings with
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active cooling, which is common in the United States. Deeper mass levels have the benefit of
improved comfort in fully passive buildings over multi-day warm periods (Pfafferott et al. 2003),
as well as applicability to other passive strategies. While fully passive buildings are laudable, this

research focuses on passive cooling to offset active cooling the next day.

METHODOLOGY AND MODELING

To investigate the effectiveness of utilizing typical mass levels, building energy simulations
were performed using the DOE’s Commercial Prototype Building models in six locations with
different climate characteristics, using EnergyPlus v8.8.0. The mass was exposed in the ceiling
and optimizations were performed using GenOpt v3.1.1 to determine optimal night flush settings,
on a monthly basis to capture differences in control strategies between shoulder and summer
seasons. The optimized night flush settings were then used to perform a parametric analysis on
the relationship between mass depth and energy savings between 0.1 cm and 30 cm. The process
was repeated for both passive (natural ventilation) and mechanical (fan assisted) night flush cases.
Several sensitivity tests were also performed on Climate Zone 5b, Boulder, Colorado, which is a
climate that has both strong diurnal swings for a complete night flush, but also times where a night
flush is not adequate to fully cool the mass. As a final step of this research, embodied energy of
concrete has been considered along with the performance of passive cooling at various mass levels

to give a more complete understanding of energy benefits and costs of increased mass depths.

Model Background
DOE Prototype Building Used for Simulation Analysis

The Department of Energy (DOE) publishes Commercial Prototype Building models as a part of
weighing the effects of each new version of ASHRAE Standard 90.1 (Halverson et al. 2014). There
are 16 prototype buildings across 15 climate zones which are intended to collectively represent
70% of the building stock in the United States (Deru et al. 2011). Built in EnergyPlus, they are
available to the public and were chosen for use in this research due to their representation of typical

buildings, and are also well documented for further analysis.
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The Medium Office Prototype was used, and is further defined in Table[2]and illustrated in Figure
[[ The Medium Office Prototype is additionally applicable to evaluating thermal mass in other
commercial building typologies because the topping slabs are consistent across other typologies,
and it is the internal loads that vary. As a sensitivity test, densities for people, lights, and plug loads
were varied by plus or minus 30% in 10% increments. The 2013 version ASHRAE Standard 90.1
was used in the analysis, representing where many codes currently are with relation to envelope and
system efficiencies. Radiant fractions of internal loads were reviewed, and people radiant fraction
was updated from 0.3 to 0.6 to correctly represent a low air speed office environment (ASHRAE

2013)).

Thermal Mass in Model

The DOE Prototype model has 10 cm (4 inch) deep floor slabs, accurately representing a typical
topping slab over a ribbed metal pan which steps between 7.5 and 12.5 cm. This mass was initially
isolated behind acoustical ceiling tile and carpet, and was exposed as a ceiling for this research by
removing the ceiling tile and the plenum zone, extending the height of the occupied zone upward.
Thermal mass was not exposed as floors. Ten centimeters of concrete was added to the roof beneath
the insulation, which is not uncommon in commercial buildings, although it could also be argued
that this is added mass because it is not always present.

Buildings can use exposed mass as floors instead of ceilings to definitively avoid added mass,
although ceilings are a common application of thermal mass due to unobstructed view factors,
integration with other high-performance building practices, and thermal asymmetry tolerances.
There is additionally 20 cm (8 inches) of concrete in the walls on the outside of the insulation,
which was left unchanged in the model. While this mass has an effect of dampening conduction
through the walls with diurnal swings, it is isolated from the night flush and the internal load
cycle because of the insulation on the inside. The DOE Prototype Buildings also contain thermal
properties for interior furnishings, which were left unchanged.

Thermal properties of the concrete as simulated are described in Table[3] These settings were

left unchanged from the DOE Prototype Building and were found to be consistent with literature for
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normal weight concrete (Barnard et al. 2001). Conductivity can vary in concrete, so a sensitivity
analysis was performed for the conductivity of concrete. The use of quaritized aggregates leads to
conductivities of 2.29 W/mK to 2.77 W/mK depending on sand Type I or II (quartz vs. mica), while
limestone aggregates lead to lower conductivities of 1.6 W/mK to 2.03 W/mK for dry concrete
(Khan 2002)). Meanwhile, moisture content of the concrete can have a 70% effect on conductivity
(Khan 2002). A sensitivity analysis was performed varying the conductivity from 1.3 to 2.7 W/mK

and was found to have very little effect.

Night Flush Parameters and Optimization
Night Flush Cases

Both passive and mechanical (fan driven) night flushes were analyzed for each of the six climate
zones studied. HVAC availability managers were set to control the HVAC system off during the
night flush in all cases, which was allowed between 18:00 and 06:00 (although not always chosen
by the optimization).

For the passive night flush cases, natural ventilation was not directly modeled through a bulk
airflow model. Instead, the parametric analyses were repeated for 2, 4 and 6 air changes (ACH).
A value of 4 ACH was the most heavily analyzed case, as well as the case which the night flush
optimization was conducted for. The intention with 4 ACH was to ensure that air change rates
during the night flush was not a limiting factor, which could bias results towards lower mass levels
by not fully exercising the mass. Three to four ACH has been demonstrated to capture the majority
of savings available from a night flush (Ramponi et al. 2014} |Artmann et al. 2008). Further, air
changes available through natural ventilation are highly dependent on design parameters and to
model it only for the DOE Commercial Prototype Buildings would limit the applicability of the
results. For this reason, multiple air changes rates were included for each of the six climate zones,
and these cases have been labeled Passive Night Flush since natural ventilation is not directly
simulated. Additionally, extreme air changes rates up to 20 ACH were conducted as a sensitivity
test.

For the mechanical night flush cases, the EnergyPlus zone ventilation objects were set to
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‘Intake’ which includes fan heat in the incoming air stream, as if the air handlers were being used.
Parameters of the zone ventilation objects related to fan energy were made to match the Variable
Air Volume (VAV) system in the DOE Prototype Model to simulate using the main air handlers for

the night flush.

Comfort

Care was taken to ensure that the night flush did not result in excessively cool temperatures
during occupied hours. Comfort was reviewed using comfort standard ASHRAE Standard 55-
2013’s Predicted Mean Vote (PMV) and Percent People Dissatisfied (PPD), and targeted bounds
between a PMV of +/- 0.5 during occupied hours. While heating was prevented during the night
flush, it was allowed to resume at 06:00, giving one potential hour of reheat before the building
reaches 20% occupancy at 07:00, and two hours before the building reaches full occupancy at
08:00. This morning reheat to ascertain a minimum comfort bound, rather than a less aggressive
night flush, differs from past literature but was done to further exercise the thermal mass. Since the
research question is on thermal mass depth and the adequacy of the typical 10 cm topping slab, it
was considered that a more conservative night flush could bias results towards thinner mass levels.
It is also inherent in the optimization that whatever penalty in heating thermally light air in the
final hour before occupancy must be outweighed by cooling energy savings later in the day, or the

optimizer would not have selected it as a lower total energy control strategy.

Site versus Source Energy Optimization

Minimum total site energy was chosen as the objective function in lieu of the more generally
accepted source energy in academic literature for two reasons. First, the primary energy sources for
electricity are undergoing dynamic changes, making an optimization based on source energy today
difficult to interpret in the future. Source energy gained popularity at a time when the grid makeup
was relatively stable, and heavily reliant on coal. Now there is greater disparity between source
and site energy for regions which have or have not begun a clean energy transition. Additionally,
site energy was used for a more aspirational reason, in placing our goals at a point when we no

longer use combustion of fossil fuels in buildings. However, in recognition that source energy is the
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preferred metric to some, this was investigated, and it was found that the heating energy differences
was entirely in electric reheat for each of the climate zones analyzed, not in the gas heating which
is at the air handlers. With the heating savings being in electricity and not gas, optimization based
on site energy is equivalent to optimization based on source energy for this situation with the DOE

Prototype Buildings.

Optimization Function and Settings

Optimization was performed with the objective function as minimum total site energy using
GenOpt v3.1.1. The hybrid generalized pattern search algorithm with particle swarm optimization
algorithm was used. This hybrid algorithm starts with particle swarm optimization (PSO), which
is ideal for a wide range of possibilities. Then, discrete variables (start/stop time) become fixed at
the value determined by PSO, and the continuous variables are optimized further with the Hooke-
Jeeves generalized pattern search (GPS) algorithm. The GPS implementation of Hooke-Jeeves is
specifically recommended for finding the lowest of multiple local minima (Wetter 2016). Settings

for the optimization are included in Table

Optimization Variables

Optimized variables are shown in Table[5] allowing the exposed mass to be cooled to the extent
that the respective climates provide, while preventing overcooling. Mass depth was allowed to be
a free variable so as to not bias around a certain mass depth. The limits for this variable were
between 0.1 cm and 30 cm.

For the mechanical night flush, parameters related to fan energy were also included. The
maximum air change rate was limited to 4.25 ACH, which was the maximum observed flow rate
in the DOE Prototype model for Climate Zone 5b. Pressure was set as a dependent variable based
on the air change rate through Equation [T} whereas pressure; and ACH, are both gleaned from
the active VAV system. This allows the optimizer to weigh the benefits of higher air changes for a

night flush against the exponentially lower fan energy from lower flow rates due to the fan affinity
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laws.

ACH2)2 0

pressuré, = pressure, (ACH
1

Optimization Period

The use of GenOpt v3.1.1 to determine optimal setpoints for the night flush values was repeated
on a monthly basis for applicable months, which varies by climate. This allows inclusion of shoulder
seasons that benefit from a partial night flush, while preventing excessive overcooling. Peter May-
Ostendorp’s dissertation Offline Model Predictive Control for Near-Optimal Supervisory Control
in Mixed-Mode Buildings distinguishes between swing and cooling seasons when developing
improved heuristics based on rule extraction from model predictive control (MPC) solutions (May-
Ostendorp 2012)). In investigating seasonality and optimization periods, May-Ostendorp notes “it
might be necessary to develop multiple rules for different seasons or even months of the year” which
could be implemented as seasonal setpoint reset schedules. In commenting on the balance between
the best performance and a parsimonious model, May-Ostendorp notes “it is therefore reasonable to
assume that extracted rules might vary on these longer time scales of months or weeks, but certainly
not days.” Ryan Tanner’s dissertation on optimized controls in mixed mode buildings builds on
May-Ostendorp’s research and similarly notes that “rules generated for a single season or location
do not transfer well to other seasons or locations” (Tanner 2014). Their collective work drove the
decision to optimize the night flush setpoints for different seasons (months) and for each climate
zone as the appropriate level of optimization refinement for addressing the research question of
mass depth. This represents good control, although it must be noted that this is not the maximum
achievable energy savings available if an hourly optimization was performed.

Once the optimizations were complete, the optimized variables were updated in the respective
models and parametric analyses were performed, stepping only the mass depth between 0.1 cm and

30 cm, in 0.1 cm increments.
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Additional Building Energy Simulation Considerations
Heat Balance Algorithm

By default, EnergyPlus uses conduction transfer functions (CTF) for transient heat transfer in
its heat balance algorithm. Previous research has indicated issues with the CTF at greater mass
depths (Roberz et al. 2017; Mun and Krarti 2015}, \Giuliani et al. 2013; Verbeke and Audenaert
2018). Early simulations for this research using the CTF encountered these issues as inconsistent
results with deeper mass. Overall, the CTF produced generally anticipated patterns with respect to
mass depth and energy savings, but the inconsistent results produced jagged steps in the parametric
curve beginning at 17.5 cm for Climate Zone 5b.

As an alternative, the conduction finite difference (CondFD) heat balance algorithm is the
appropriate method for modeling deeper mass levels (Mazzarella and Pasini 2015; Giuliani et al.
2013 |[Roberz et al. 2017). This method also adds considerable modeling time, which has limited
its applicability in annual whole building simulations (Mun and Krarti 2015). EnergyPlus does
give the ability to assign heat balance algorithms for selected surfaces in lieu of global settings
however, reducing the impact of selecting this algorithm in annual simulations. This research was
conducted with CondFD assigned for each of the ceiling and floor surfaces only and was found to
produce the same results as applying CondFD as a global parameter setting.

The National Renewable Energy Laboratory (NREL) completed a validation of the conduction
finite difference method and recommended the following settings, which were used in this research:
difference scheme of Crank Nicholson second order, space discretization constant of 3, relaxation
factor of 1, inside face surface temperature convergence criteria of 0.002, and a time step of three
minutes (Tabares-Velasco et al. 2012)). Giuliani et al. and Mazzarella et al. also both indicated
the Crank Nicholson implementation of CondFD was preferable for simulations of deeper mass
(Giuliani et al. 2013} [Mazzarella and Pasini 2015). Some instability was still observed at higher
mass levels with CondFD, which was resolved by changing the minimum warm-up days from 6 to
15, and increasing the maximum warm-up days to 120. EnergyPlus convergence checks before the

beginning of the simulation by tracking four parameters (maximum zone air temperature, minimum
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288 zone air temperature, maximum heating load, and maximum cooling load) for each zone. These
289 convergence checks are repeated until passed for all zones and EnergyPlus assumes that a steady-
20  periodic state has been reached when these four parameters are within tolerance. The number of
291 warm-up days describe how many days EnergyPlus is attempting at least and at most to achieve

292 such convergence.

293 Surface Heat Transfer in EnergyPlus

294 EnergyPlus calculates the radiant heat transfer and convective heat transfer coefficients sep-
295 arately, as opposed to some other BES software which use a combined surface heat transfer
296 coeflicient, thus allowing for greater accuracy of surface heat transfer during the night flush. En-
27 ergyPlus has 29 available convection correlations which can be selected, as well as an adaptive
208 convection algorithm (ACA) which can select between the 29 correlations on a time depended
299 bases (U.S. Department of Energy 2017b). For this analysis, the adaptive convection algorithm
300 (ACA) was selected as a global setting for interior convection, with the default settings for natural
301 convection correlations at the ceiling set as Walton Stable Horizontal and Walton Unstable Hori-
302 zontal, for reasons outlined in the thesis version of this research (Nelson 2019). Further, the Walton
303 correlations are the only correlations listed as suitable for both chilled ceiling and simple buoyancy
304 applications in the EnergyPlus Engineering Reference Guide(U.S. Department of Energy 2017al).
305 While care was given to the selection convection correlations, it remains an area for further
a0 research. Modeling convection is in general less accurate than conduction or radiation (Peeters
a07 et al. 2011)), and passive cooling involves a unique circumstance of higher temperature differences
308 between air and surfaces, which leads to a larger variation in convective heat transfer rates, therefore
309 increasing the impact of this parameter (Goethals et al. 2011). Two recent studies investigating
310 convection correlations with respect to passive cooling indicated that no convection correlations
3t have been developed specifically for the unique situation of passive cooling and it is to date not
312 clear which correlations are best suited to passive cooling (Leenknegt et al. 2013; Goethals et al.
313 2011).

314 To address this uncertainty, sensitivity analyses were conducted to understand the implications
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of different convection coefficient correlation choices. The most relevant convection correlations
available in EnergyPlus were tested as one sensitivity analysis, including correlations developed
for chilled and heated ceilings to account for the larger temperature difference spread. Convective
and radiant heat transfer at the ceiling and other surfaces were reviewed during the night flush to
understand the impact of correlations on a time dependent basis. Additionally, fixed convection
coefficients were tested from 2 W/m? K to a more theoretical 50 W/m? K in order to better

understand the relationship between mass depth and convection for passive cooling.

RESULTS

Parametric Analysis on Optimized Energy Savings

Figure [2]illustrates the results of the parametric analyses for the passive night flush cases, and
Figure [3] illustrates the same for the mechanical night flush cases. In all cases, there is a clear
shoulder where additional mass does not lead to more meaningful energy savings. Ten centimeters
of exposed mass, the level inherent in most commercial buildings, captures the majority of the
energy savings across each of the six climate zones studied.

In hot climates the shoulder appears to be slightly less pronounced, and greater mass depths
continue to save more energy, although still at diminishing returns. In Phoenix, AZ and Memphis,
TN, the hottest two climates studied, 10 cm captures 85% and 88% of the savings that is available at
the peak mass depth analyzed of 30 cm. In more mixed climates, the shoulder is more pronounced.
In Boulder, CO, 10 cm captures 91% of the savings that is available at the peak of 30 cm, and 15
cm captures 97%. Table [6] shows energy savings at different mass depths as a percentage of total
available savings for the passive cases.

An unexpected finding was that fan energy was actually saved in the mechanical night flush
cases, and in some instances the fan energy savings even exceeded the cooling energy savings.
This is most pronounced in moderate and cold climates, where a low night flush air change rate
adequately cools the exposed mass, and then leads to less recirculation of air for cooling the next
day. Both the fan energy of the VAV system and the fan providing the night flush are captured in

the figure. The optimizer varied pressure drop as a function of air change rate for the mechanical
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night flush. In almost all cases, the optimizer chose air change rates at less than 2 ACH for the
mechanical night flush, and commonly chose rates close to 1 ACH or lower. Due to the cubic
relationship between airflow and fan energy in the fan affinity laws, the low air change rates at night
did not constitute a large fan energy penalty, but rather offsetting recirculation air the next day when

airflow was at its highest was significant for fan energy savings.

ACH, )3 )

kW, = kW, (ACH1
Parametric Analysis on Building Sensible Load Reduction

Building sensible load reduction was not optimized as an objective directly but is the result of
opportunistic load reduction based on optimizing for energy savings. The reported load reduction
is not based upon load calculations simulated with design day files, but is the peak heating and
cooling rates observed in the annual simulation, which more directly accounts for the dynamic
behavior of mass.

Figure [ illustrates the building sensible load reduction for the 4 ACH passive night flush cases.
The mechanical night flush cases were very similar and therefore not shown here. The shoulder
which was so prevalent for energy savings and mass depth is no longer present, and the results
at first appear more dispersed. Plateaus exist but differ between heating and cooling and across
different climates.

One clear pattern, however, is that for mixed and cool climates, additional mass continues to
reduce the peak cooling loads, although with some diminishing returns. This reflects how deeper
mass can be important for maintaining comfort in a fully passive scenario. Meanwhile, in the hot
climates, additional mass does not lead to additional reduction in the peak cooling load. While
this seems counter-intuitive, it is simply because a night flush is not adequate at the peak times
for the hot climates. In Phoenix, AZ especially, a night flush was not attempted in the summer as
nighttime outdoor temperatures are not sufficiently cool. For Memphis, TN, there was beneficial
passive cooling in all summer months, but it did not completely cool the thermal mass, and the

ability to reduce cooling loads is not increased beyond 10 cm of mass.
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Sensitivity Analyses

A series of sensitivity analyses was conducted to investigate whether the overall findings on
mass depth was robust with respect to relevant parameter variations commercial buildings may
encounter. The sensitivity analyses were conducted only for Boulder, CO, which is a climate that
has excellent diurnal swings and also very hot periods. In all cases, the overall finding held that
energy savings are steep until roughly 7.5 to 10 cm and then experience rapidly diminishing returns.
Only by increasing convective heat transfer to rates beyond what would be found in typical buildings

did the relationship between mass depth and energy savings differ significantly.

Air Change Rate Sensitivity Analysis

Figure [5| shows the results of air change rates at 2, 4, 6, 8, 10 and 20 ACH for the passive night
flush case in Boulder, CO. The optimization was not repeated for each air change case, but the
optimization results for the 4 ACH case were applied. Results are shown for June to August only,
so as not to include any reheat which was otherwise present in shoulder months with higher air
changes.

It was expected that higher air changes would more heavily favor deeper mass levels, and while
that can be seen to some extent, the same basic behavior exists of a prevalent shoulder beyond
which there are only diminishing returns. Additional savings are available with higher night flush
air changes for passive cooling of the mass, but this parameter also has diminishing returns; 2
ACH captured 55% of the savings that is available in the 20 ACH case, 4 ACH captured 83%,
and 6 ACH captured 93% of the available savings. Beyond these air change rates, there is little
benefit revealed for additional air flow within the context of the current convection correlations.
This is in agreement with past research, which indicates that because natural convection is driven
by temperature difference, additional air changes beyond a point of achieving the temperature
difference offers little benefit (Barnard et al. 2001} [Yam et al. 2003). Even with 20 ACH, an air
change rate far beyond what would be typically be achievable, the 10 cm topping slab captures 87%
percent of the available savings at deeper mass depths, indicating the overall finding on mass depth

is not very sensitive even under extremely high air changes during the night flush.
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Convective Heat Transfer Sensitivity

To investigate the relationship between convection and the research question of mass depth and
energy savings, Figure E] shows hard-set convection coefficients for the ceilings at 2, 4, 6, 8, 10, 20
and 50 W/m? K. Results are shown for June to August only, so as to not include any reheat, which
was otherwise present in shoulder months with higher convection rates.

At 20 W/m? K, the shoulder is still present, but it is significantly flattened, and the savings
from far greater mass depths do not diminish as quickly. This is in contrast to the sensitivity tests
of air change rates, in that increasing the convection coefficient actually does significantly favor
more mass. Results at 10 and 20 W/m? K are almost theoretical, although this maybe relevant for
situations which force air through floor voids, increasing the convective heat transfer (Barnard et al.
2001). A convection coefficient of 50 W/m? K was added upon seeing this relationship, along with
increased airflow at 20 ACH. This is intended as a purely theoretical investigation. The relationship
is much more linear at 50 W/m? K, although still not completely and a shoulder emerges at 20 cm.

Meanwhile, for realistic situations with typical convective heat transfer coefficients found in
buildings, the shoulder is very much pronounced and is located around 7.5 to 10 cm of mass,
demonstrating how surface heat transfer is a limiting factor in the use of thermal mass.

To complete the investigations on convective heat transfer and relate it back to the research
question regarding the depth of thermal mass, parametric analyses were repeated with relevant
convection correlations available in EnergyPlus. These correlations more closely match convective
heat transfer values typically found in buildings, and include a range of correlations developed for
natural convection and for chilled ceilings.

Figure [/| shows a variation of up to 25% energy savings, indicating that the choice of con-
vection correlation remains important. Yet still, the results clearly indicate that for all convection
correlations studied, there is a presence of a shoulder beyond which additional mass provides only
marginal returns. Even in the case which most heavily favors deeper mass, a typical floor slab of

10 cm still captures 86% of the available savings.
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Interior Load / Mass Depth Sensitivity

Figure [§] shows a sensitivity test to the relationship between interior loads, mass depth, and
energy savings. The default loads in the DOE Prototype building were stepped to +/- 30% in 10%
increments, which could have relevance for other commercial building types, or densely or sparsely
occupied office buildings. The results indicate that the shoulder is still very prevalent, and the
shape has only minor changes. As expected, there are more savings available with more internal
loads, as the mass is being further exercised. However, this does not lead to deeper mass being

significantly more favorable.

Embodied Energy of Concrete

The above parametric analysis and sensitivity tests clearly indicate that the majority of energy
savings are achieved at moderate mass levels, but the results also indicate that deeper mass levels do
perform the best when only considering operational energy costs. Concrete contains a significant
amount of embodied energy however, and so a more complete energy evaluation needs to consider
embodied energy costs.

Hammond et al. indicates that the embodied energy of concrete can vary from 0.81 MJ/kg to
2 MJ/kg, depending primarily on the amount of cement needed for the concrete specifications,
and that floor slabs are typically 1.1 MJ/kg (Hammond and Jones 2008). Lenszen et al. indicates
a similar value, at 1.0 MJ/kg (Lenzen and Treloar 2002). This analysis was conducted with the
embodied energy of concrete at 1.1 MJ/kg. When considering the density of concrete in this
research at 2,322 kg/m> (normal weight concrete) and the facility at 4,982 square meters, each
centimeter of concrete thickness added to the floor slab costs 35,350 kWh of embodied energy.
In consideration of this, Figure [9] shows the previously analyzed parametric curves relating mass
depth and annual energy savings, but with embodied energy included. The embodied energy has
been annualized over 10, 25, 50 and 100-year payback periods (e.g., 10-year payback line is total
embodied energy divided by 10). This is useful for showing the payback period relative to various
mass depths, which are still continuous on the x-axis.

Figure [9]illustrates that even 10 cm of concrete, which is on the shoulder of the energy savings
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curves, does not payback its embodied energy within a 10-year period relative to a theoretically
near massless floor slab (0.1 cm). In considering a much longer payback period of a 100-year life
span, 30 cm of mass pays back its embodied energy for every location analyzed, and in some cases
three times over. This poses a question to the reader, how long of an energy payback is appropriate?
On one hand, building life spans are long enough to seemingly justify the added mass.

On the other hand, there is no set time for carbon to come back out of the atmosphere and
emitting additional carbon in the atmosphere now with the promise that it will save more carbon
in the future is not in line with the immediate reduction in carbon indicated to be necessary by
the Intergovernmental Panel on Climate Change (IPCC). The IPCC recently indicated that to keep
warming to 1.5°C, carbon emissions must be reduced to 45% of 2010 levels by 2030, and no
net carbon emissions can be added beyond 2050 (Masson-Delmotte et al. 2018]). These are stark
reductions over the next 10 and 30-years, and the deeper mass levels are still in a cumulative energy
deficit over these periods, despite having good long-term performance.

Figure[9]is not a complete story for most commercial buildings however, because most commer-
cial buildings contain 10 cm of mass as a topping slab. A more complete view for most commercial
buildings is to look at the incremental benefit of deeper mass beyond 10 cm, and the incremental
embodied energy cost, as displayed in Figure

The results of this figure indicate that if a 10 or 25-year payback of embodied energy is the
target, any added mass beyond the inherent 10 cm does not come close to achieving the goal in any
of the six locations analyzed. If a 50-year payback is the goal, the two best performing locations can
increase an extra 2.5 cm of mass before the incremental benefit is outweighed by the incremental
costs. Twenty centimeters of mass (10 cm extra) only pays back its added embodied energy over a
100-year period in the best climate analyzed for passive cooling, Boulder, CO.

To conclude this embodied energy assessment, Figure[IT|shows total cumulative energy savings
for increasing time periods, relative to a 10 cm slab starting point. Years was moved to the x-axis
and the four graphs now show results for different mass depths: 10 cm (no added mass), 15 cm (5

cm added mass), 20 cm (10 cm added mass) and 30 cm (20 cm added mass).
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Figure [l 1]indicates that cumulative energy savings over a 100-year period is highest for the 10
cm and 15 cm cases, both of which outperform the 20 cm and 30 cm cases over a 100-year life span.
This is an unexpected finding, given the long-life span considered. The 15 cm case has a slightly
steeper energy savings slope than the 10 cm case, but starts at an energy deficit, and is therefore
catching up to the 10 cm case over its entire 100-year life span for the best performing climates.
In the worse performing case of Phoenix, AZ, the 15 cm case never reaches the same cumulative
savings as the 10 cm case. While the 20 cm case pays for its embodied energy many times over
the course of the building’s life, it never achieves the same cumulative energy savings as the 10 cm

case, even over 100-year period in the best performing climate analyzed.

DISCUSSION

This research investigated how well how suited typical commercial construction topping slabs
are for use as passive building thermal mass, relative to other mass depths. In all climates analyzed,
it was found that there was a pronounced shoulder where energy savings from passive cooling of
increasing mass depths was steep until roughly 7.5 cm to 10 cm, and thereafter the energy savings
diminished rapidly.

This is significant, because most research has been conducted with mass levels far greater than
would be found in typical buildings. Surface heat transfer has previously been identified as a
limiting factor to thermal mass, but translating that limitation to how well common topping slabs
perform, or what the incremental embodied energy benefits and costs are of added mass depth,
has not been studied previously. However, this topic is significant for reducing barriers to passive
cooling. Based on this research the most impactful first step a project can take to become more
thermally massive is to expose the large surface areas of floor mass inherent in the construction,
not to add more depth.

Sensitivity tests were conducted on internal gains, convective heat transfer, air change rates
and thermal properties of concrete. It was found that increased convection would reduce or even
eliminate this shoulder and favor greater mass levels, however, this does not occur in a significant

way for any reasonable convection levels found in buildings. The sensitivity tests for other variables
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also showed that for values typically seen in buildings, the trend remained clear that 10 cm of mass
captured the vast majority of savings that were available to thicker mass levels.

In the course of conducting the convection studies, an unexpected finding was that radiant
heat transfer was as dominant as convective heat transfer at the exposed mass ceiling during the
night flush, and in many cases more dominant. At night when warm air rises, natural buoyancy
forces slow the convection at the ceiling (stable convection scheme). Meanwhile, the buoyancy
forces enhance convective heat transfer at the floor (unstable convection scheme), which is also
thermally light and cools on the surface quickly. In turn, this relationship leads to the floor and even
walls providing radiant cooling of the exposed mass ceiling. The thermally light carpet floor is
simultaneously rejecting heat via convection and accepting radiant heat from the thermally massive
ceiling during the night flush. An interesting observation is that the convection correlations which
lead to the lowest convective heat transfer also lead to the highest radiant heat transfer. This
corrective behavior between convective and radiant heat transfer leads to the actual surface heat
transfer of thermal mass being more consistent than would be intuitively concluded by looking at
the difference in convection coefficients alone, and has previously been observed by Artmann et
al. (Artmann et al. 2010). While the choice of a convection correlation remains important and an
area for additional research, reasonable surface heat transfer rates found in buildings lead to the
diminishing returns for added mass depth as reviewed in this research.

When considering the significant embodied energy of concrete, the incremental benefits from
additional mass over 10 cm did not justify the incremental costs from a total energy standpoint.
While all cases with even the thickest mass analyzed showed that the cumulative energy savings
from passive cooling paid back the initial embodied energy, the incremental benefit did not payback
back the incremental cost relative to the 10 cm starting point, unless a 50-year payback period was
used, in which only the two best performing climates could justify up to 2.5 cm of mass.

While this should encourage serious consideration before adding depth to floor slabs for the
purpose of thermal mass, it is important to note that this study is based on buildings that also have

active cooling, which are common in the United States. Such an approach is primarily concerned
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with diurnal cycles, which typical topping slabs are well suited to address as indicated by this
research. However, completely passively cooled buildings may attempt to store ‘coolth’ over longer
(multi-day) periods, which may favor added mass depth. In such an approach, the embodied energy
considerations are completely changed by the elimination of mechanical systems. In light of this
research, an area for further study could address whether a fully passively cooled building benefits
more from additional mass depth or from added surface area of exposed thermal mass.

Other considerations include constructions that better consider embodied carbon. For instance,
mass timber buildings such as the six-story Bullitt Center in Seattle, WA uses timber construction
with a wood floor structure, and a thin topping slab for passive cooling and in-slab radiant heating.
This challenges the assumption that 10 cm of mass is necessary, and 5 cm to 7.5 cm of mass would
be the most appropriate depth depending on the payback period desired, not 10 cm. Buildings can
also introduce thermal mass with less embodied carbon, such as with fly ash (Bentz et al. 2011),
rammed earth or bio-based phase change materials as examples. All of these collectively represent
unique choices that should be considered during design and may lead to different optimal thermal

mass levels.

CONCLUSIONS

When considering the mass depth necessary for passive cooling, it was found that in all
climates studied the energy savings from increasing mass depth were steep until roughly 7.5 to 10
cm, and then experienced rapidly diminishing returns for additional mass depths. From this, we can
conclude that typical floor slabs of 10 cm are adequate for use in passive cooling over diurnal cycles,
capturing the vast majority of available savings. Extensive sensitivity tests were conducted, and
the only way to break the fundamental pattern of diminishing returns for added mass depth was to
apply convective heat transfer coefficients far beyond what would be found in normal conditions for
buildings. Therefore surface area of exposed thermal mass appears to be a more defining attribute
of a thermally massive building than exorbitant mass depths. When considering the embodied
energy invested in concrete, which is significant, incrementally adding mass depth beyond 10 cm

is not justified by energy savings, and in most cases was a notably higher total energy choice.
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TABLE 1. Nomenclature

BES Building Energy Simulation =~ ELFH  Equivalent Full Load Hours
DOE Department of Energy GPS Generalized Pattern Search
ACH Air Changes per Hour CTF Conduction Transfer Function
VAV Variable Air Volume ACA Adaptive Convection Algorithm

CondFD Conduction Finite Difference CHTC Convective Heat Transfer Coefficient
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TABLE 2. DOE Prototype Building Parameters

Description SI Ip
Size 4,982 m” 53,628 ft2
Stories 3 Stories
Aspect Ratio 1.6:1
Wall U Value 0.55W/(m?K) 0.097 Btu/ft2*h*R
Roof U Value 0.17 W/(m*K)  0.03 Btu/ft2*h*R
Window U value 238 W/(m?K)  0.42 Btu/ft2*h*R
Window SHGC 0.40
Interior Lights 8.83 W/m? 0.82 W/sf
Plug Loads 8.07 W/m? 0.75 W/st
Occupancy 0.54 people/m? 0.005 people/sf
System ASHRAE System 5 (VAV w/ Reheat)
Window to Wall Ratio 33% (all facades)
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TABLE 3. Thermal Properties of Concrete

Description SI Ip
Slab Thickness 10 cm 4in
Density 2,322 kg/m? 145 1bs/ f

Specific Heat 832 J/kkg K 0.19 Btu/Ib-R
Conductivity ~ 2.31 W/mK 16 Btu-in/hr- f#>-R
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TABLE 4. Optimization Settings

Description Setting
Objective Function Minimum Site Energy
Max Iterations 2,000
Max Equal Results 100
Algorithm GPSPSOCCHIJ
Neighborhood Topology von Neumann
Neighborhood Size 5
Number of Particles 10
Number of Generation 10
Cognitive Acceleration 2.8
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TABLE 5. Optimized Variables

Night Flush  Toursidze  Tourside Tinside Start/Stop ACH  Pressure

Case Min Max Min Time
Passive X - X X - -
Mechanical X X X X X &

X: variable optimized.
*Dependent variable on ACH.

31 Nelson, May 17, 2021
Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript.

The published version of the article is available from the relevant publisher.



TABLE 6. Passive Night Flush, 4 ACH: Energy savings of mass depths compared to maximum.

Mass Climate Zone  Climate Zone  Climate Zone  Climate Zone  Climate Zone  Climate Zone

Depth 2a 3a 3c 4c 5b 6b
10 cm 85% 88% 88% 88% 91% 90%
15 cm 92% 96% 95% 97% 97% 97%

20 cm 96%% 99%% 98%% 100% 99% 99%
30 cm 100% 100% 100% 100% 100% 100%
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Fig. 1. DOE Prototype Building Diagram
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Fig. 2. Parametric Study on Mass Depth and Energy Savings, Passive Night Flush
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Fig. 3. Parametric Study on Mass Depth and Energy Savings, Mechanical Night Flush
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Fig. 4. Parametric Study on Mass Depth and Building Sensible Load Reduction, Passive Night
Flush
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Fig. 5. Night Flush Air Change Rate Sensitivity
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Fig. 6. Convective Heat Transfer Coefficient Sensitivity

39 Nelson, May 17, 2021
Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript.

The published version of the article is available from the relevant publisher.



Fig. 7. Convection Correlation Sensitivity
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Fig. 8. Interior Loads Sensitivity
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Fig. 9. Payback Period for Embodied Energy of Concrete
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Fig. 10. Incremental Benefits and Costs of Concrete Beyond 10 cm
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Fig. 11. Cumulative Energy Benefits and Costs for Incrementally Added Mass Depths
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