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temperatures inside naturally ventilated buildings

Remy Fortin,! Jyotirmoy Mandal,” Aaswath P. Raman,® and Salmaan Craig’4>*

SUMMARY

Daytime radiative cooling materials can help prevent overheating by
keeping exterior roof surfaces cool, but can they passively reject heat
from inside buildings, overcoming thermal gains from healthy air
changes without mechanical assistance? Here we report how to pro-
duce sub-ambient interior temperatures by balancing terrestrial radia-
tive cooling with temperature-driven ventilation and thermal mass. We
present a field study with model enclosures replicating one occupant’s
heat balance and air changes. The reference box represents a "gold
standard" in passive cooling, with thermal mass and night ventilation
offsetting internal heat gains. The test box maintains an interior tem-
perature of 3.9°C below the mean prevailing exterior temperature
and 8.9°C below the gold standard, despite being actively heated
from within and venting seven air changes per hour during the day.
We also show with a calibrated model how to improve the cooling
and ventilation performance while scaling the results to actual build-
ings.

INTRODUCTION

Climate change is driving demand for mechanical air-conditioning while the greenhouse
gas emissions associated with these systems, including those from refrigerants, further
heat the planet.™ Several breakthroughs in passive radiative cooling materials, which
reflect sunshine like a mirror while emitting infrared heat into cold outer space through
the atmospheric window, have been made recently.”™'? These materials and coatings
can mitigate urban heat islands and augment mechanical heat rejection from inside
buildings.”*"® They have been added to the outside surface of insulated roofs,
improving the energy efficiency of entire building stocks.">"’"'? However, true cooling
entails removing heat, which is more challenging than improving heat protection.”®?!
On a hot day, these surface materials can reduce the temperature difference across
the exterior insulation, but, if the temperature gradient flips in the direction of cooling,
the insulation limits outward heat flow. Interior heat rejection is even more challenging in
the aftermath of the COVID-19 pandemic now that healthy ventilation is a priority.”” Out-
door air exchanges can soon become the dominant source of heating when trying to
cool the indoors below the ambient temperature.

Passive heat rejection requires selectively harnessing useful heat flows while negating
ones that are harmful. This design challenge captured the imagination of many well-
known architects and engineers in the twentieth century. Felix Trombe, a pioneer of radi-
ative cooling, explored removing insulation from sky-facing surfaces to reject heat with
terrestrial radiation from inside test boxes and experimental buildings (Figures 1A-
1C)."#**7%2° These “cold house” experiments were conducted in the French Pyrenees
during the 1960s. In the most developed experiment (Figures 1B and 1C), the cooling
facade was oriented north and tilted slightly upward. The facade was made of
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Figure 3. Temperature, ventilation flow, and heat exchange measurements

(A) Air temperature T;, inside the reference (yellow) and test (green) boxes with ambient temperature T, (black) for two typical days in September 2022
relative to the mean ambient temperature TO= (T, max — Ta,min)/2. During that period, the mean prevailing ambient temperature T, was 21.9°C, with an
average of 23.7°C between the daily maximum and minimum T,.

(B) Typical variations of T;, and T, relative to the mean ambient temperature TO for 2 days in November 2022, after 1.5 times more thermal mass was
added in both boxes. Ty, was 9.4°C, and the difference between the daily maximum and minimum T, was 22.4°C. The interior of the reference and test
boxes varied on average 5.0°C + 1.7°C above and 3.9°C + 4.8°C below the ambient, respectively.

(C) Comparison of the ventilation flow rate Q and the number of air changes per hour in the reference and test boxes for two typical days in September
(dashed) and November (solid) 2022. Since T, is more stable in November, the temperature difference between T, and T;, increases, and so does the
ventilation rate.

(D) Normalized heat exchanges through ventilation (Wy, solid black), with the thermal mass (W), gray) and through the envelope (Wg, dashed black) in
the reference box during two typical days in November 2022 (scaled to Wy = 1.2 W).

(E) Normalized heat exchanges through the ventilation (Wy, solid black), with the thermal mass (W), gray), through the envelope (W, dashed black),
and from the radiator soffit (Wg, blue) in the test box during 2 days in November 2022 (scaled to Wy = 1.2 W). Note the change in the y axis scale.
(F) Comparison of the distribution of the ventilation flow rate Q and the number of air changes per hour during the 7-day and 14-day experiments in
September and November 2022.

(G) Radiator temperature (Tg, solid blue) with the ambient air temperature (T,, black), indoor air temperature (T;,, green), air temperature inside the
convection guard (T, gray), and effective sky temperature (T, dashed blue) for two typical days in November 2022 relative to the mean ambient
temperature TO.

(H) Measured heat fluxes on the top surface (Wsy,/Sg, blue) and soffit (Wr/Sg, light blue) of the radiator, with downward solar radiation flux (Psun, solid
black), net atmospheric radiation flux for a blackbody at ambient temperature (Pt g5, gray), and predicted parasitic losses through the convection
guard (Pjoss, dashed black) for two typical days in November 2022 and from 5 a.m. to 7 p.m. on November 20.
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