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Enhancing crop growth in
rooftop farms by repurposing
CO, from human respiration
inside buildings
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Integrating cities with the surrounding environment by incorporating green
spaces in creative ways would help counter climate change. We propose a
rooftop farm system called BIG GRO where air enriched with carbon dioxide
(COy) produced through respiration from indoor spaces is applied through
existing ventilation systems to produce a fertilization effect and increased
plant growth. CO, measurements were taken inside 20 classrooms and at two
exhaust vents on a rooftop at Boston University in Boston, MA. Exhausted air
was directed toward spinach and corn and plant biomass and leaf number
were analyzed. High concentrations of CO, persisted inside classrooms and
at rooftop exhaust vents in correlation with expected human occupancy. CO»
levels averaged 1,070 and 830 parts per million (ppm), reaching a maximum
of 4,470 and 1,300 ppm CO, indoors and at exhaust vents, respectively. The
biomass of spinach grown next to exhaust air increased fourfold compared
to plants grown next to a control fan applying atmospheric air. High wind
speed from fans decreased growth by approximately twofold. The biomass
of corn, a C4 plant, experienced a two to threefold increase, indicating that
alternative environmental factors, such as temperature, likely contribute to
growth enhancement. Enhancing growth in rooftop farms using indoor air
would help increase yield and help crops survive harsh conditions, which would
make their installation in cities more feasible.

KEYWORDS

carbon dioxide, rooftop farms, human respiration, enhanced growth, crops, building
metabolism, cities

Introduction

Rooftops in cities are greatly underutilized areas occupying ~20-50% of urban aerial
space (US EPA, 2008; Vaughan and Lenton, 2011; Shafique and Kim, 2017). If vegetated,
these spaces could provide considerable environmental and social benefits (Shafique
et al., 2018b). Rooftop gardens and farms can mitigate the urban heat island effect by
decreasing local temperatures (Ismail et al., 2012; Kleerekoper et al., 2012; Santamouris,
2014; Coutts et al., 2015; ArrowStreet Architecture Design., 2016), increasing storm water
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retention and precipitation release through evapotranspiration,
which decreases flooding (Carter and Rasmussen, 2007; Nagase
and Dunnett, 2012; Whittinghill et al., 2015; He et al., 2016;
Nitsch Engineering, 2016; Shafique et al., 2018a), providing
air pollutant filtration (Rowe, 2011), and decreasing building
energy use through increased insulation (Wong et al., 2003;
Garrison et al., 2012; Saadatian et al., 2013) and natural cooling
(Batchelor et al., 2009; Garrison et al., 2012; Saadatian et al.,
2013). Rooftops also offer economic and community building
opportunities, aesthetic and mental health benefits (Guite et al.,
20065 Johnson et al., 2018), and food security when used for
urban agriculture (Oberndorfer et al., 2007; Orsini et al., 2014;
Ahmed et al., 2017). Urban food production would decrease
dependency on external communities and carbon intensive
agricultural systems, increase the redundancy and resiliency of
our agricultural system, and address climate change by helping
with climate enhanced negative urban environmental impacts
and harvesting CO; (Oberndorfer et al., 2007; Davies et al., 2011;
Rowe, 2011; Ismail et al., 2012; Orsini et al., 2014; Whittinghill
etal., 2014; Shafique et al., 2020). Decreasing differences between
urban and non-urban areas could decrease negative impacts of
cities on both urban ecosystems and populations.

A major challenge facing rooftop gardens and farms,
hereafter called rooftop farms, on top of increased structural
loads is decreased plant growth due to extreme environmental
conditions such as higher wind speeds and temperatures,
heightened solar radiation, and limited soil moisture content
(Ahmed et al, 2017). Enhancing growth in rooftop farms
could make them a more viable option and increase the rate
of installation in cities. Inducing a CO, fertilization effect
on rooftop vegetation using the CO; produced in buildings
would produce this increased growth effect. When elevated
concentrations of CO; are present, the CO, fertilization
effect increases photosynthetic efficiency mostly linearly at
concentrations between 400 and 1,000 ppm (Rogers et al., 1994;
Ainsworth and Long, 2005) by decreasing photorespiration.
Decreasing photorespiration can increase the amount of carbon
taken in by photosynthesis by up to 25% (Sharkey, 1988). The
first generation of Free Air Carbon Dioxide Enrichment (FACE)
experiments confirmed the existence of the CO; fertilization
effect by administering higher CO, concentrations to plants
within open systems (Kimball et al., 1997; McLeod and Long,
1999; Long et al., 2006; Ainsworth et al., 2008; Leakey et al.,
2009; Norby and Zak, 2011). The next generation of FACE
experiments further explored this effect (Norby et al., 2016).
The effect is strongest between the concentrations of 400 and
1,000 ppm when the increase in growth rate begins to level
off as other factors become limiting (Rogers et al., 1994). Most
commercially bought CO; is expensive and produced from fossil
fuels. Multiple of the twelve initial FACE experiments are no

Abbreviations: FACE, free air carbon dioxide enrichment; CAS, college of

arts and sciences; BUA, Boston University Academy.
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longer running, in part due to the high cost of purchasing
and transporting condensed CO, (Hendrey et al., 1993; Reece
et al., 1995; Miglietta et al., 1997; Ainsworth and Long, 2005;
Chakrabarti et al., 2012).

In this paper, we propose a system for Building-Increased
Growth in a GreenROof (BIG GRO), that could enhance
growth in rooftop farms. To help ameliorate the environmental
challenges of rooftops, BIG GRO uses indoor air with CO;
generated from human respiration inside buildings to enhance
growth. The average modern-day person spends the majority
of their time inside buildings and continuously respires large
quantities of COy (Lee and Chang, 1999; Apte et al., 20005 Jin
et al, 2015). COy is typically exhausted from large buildings
through Heating, Ventilation, and Air Conditioning (HVAC)
systems and exhaust vents on rooftops, where it can directly
be applied to rooftop farms. Using waste CO, from humans
makes rooftop farming more feasible than regular rooftop farms
due to a higher yield and more cost effective by providing
concentrated CO; in a more sustainable manner (Hendrey et al.,
1993; Reece et al., 1995; Chakrabarti et al., 2012). The BIG
GRO system leverages the advantages of using waste CO, and
employs the CO; in facilitating enhanced plant production in
rooftop farming.

We hypothesized that when there is a large build-up of
CO; indoors, sufficient CO; is released from exhaust vents to
affect crop growth in rooftop farms, and that plants exposed to
exhaust vent air grow larger than plants not exposed to building
exhaust. To test this hypothesis, we monitored the “Building
Metabolism,” the sources, sinks, and fluxes of CO, within and
out of buildings and atop rooftops (Sanyé-Mengual et al., 2014;
Pons etal., 2015). Crops were grown next to exhaust vents to test
for a CO;, fertilization effect. Both C3 and C4 crops were grown
to attain an initial understanding of whether factors besides CO;
impact growth assuming C4 plants would respond less to CO;
(Ainsworth and Rogers, 2007; Hatfield et al., 2011). We further
hypothesized C4 plants would still experience increased growth,
indicating the importance of environmental factors besides
COy, such as temperature, in the growth effect. This study
provides initial support for a conceptual system that creates
a more circular carbon process within buildings, taking high
concentrations of CO, from human respiration (Barrett et al.,
2012) and moving it to a rooftop farm where it can be applied for
a functional use (Hanson et al., 2000) to produce food that can
be eaten by humans and respired anew (Figure 1). Enhancing
plant growth would make rooftop farms more productive and
potentially capable of surviving harsher conditions, expanding
their viability as an urban greening strategy.

Materials and methods

Experiments were carried out in Boston, MA in the fall of
2018 and the spring of 2019. COy concentrations and other
environmental measurements were taken inside of classrooms
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FIGURE 1
Conceptual diagram showing the carbon cycle within experimental rooftop farms. In the more circular part of this system, CO, travels (A) from
the human body (B) out into the classroom within a building. This CO, then is brought (C) through the ventilation system to the rooftop and (D)
released through an exhaust vent. BIG GRO will apply this CO; to (E) plants in a rooftop farm after which (F) humans can consume the crops
and the carbon can return to the human body.

and at the rooftop exhaust vents. The vent air was directed at the
crops, Spinacia oleracea (spinach) and Zea mays (corn), and the
effect on growth was measured.

CO2 measurements

Classroom CO;, measurements

January 2018 through March 2019, CO;
monitors (Onset HOBO Bluetooth Low Energy Carbon
Dioxide—Temp—RH Data Logger, #MX1102) were installed
in 20 classrooms throughout the College of Arts and Sciences

From

(CAS) Building at Boston University. Sensors were calibrated
according to manufacturer’s guidelines, to each other, and were
found to be within 50 ppm of a 400 ppm standard compressed
air source (AirGas, Rendon, PA). The concentration of 400 ppm
is close to the atmospheric background CO, concentration of
410 ppm at the time of the study (Ng et al., 2019). Sensors were
placed within classrooms for a week to capture the dynamics
throughout a normal workweek and over the weekend when
different usage patterns were expected. 25Live (CollegeNET,
Portland OR) scheduling software was used to gather occupancy
data along with room size for 20 classrooms for the weeks
during which the CO; sensors were installed.

Rooftop CO, measurements

The CO; sensors were also installed on vents on the rooftop
of a two story high school on campus, the Boston University
Academy (BUA). Two sensors were placed on Direct Drive
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Centrifugal Roof Exhausters Model PRN (ACME Engineering
and Manufacturing Corporation, Muskogee, OK) and two were
placed on control fans of the same type installed at separate
locations on the BUA rooftop. We chose these vents, commonly
referred to as mushroom vents, because of their prevalence
on rooftops and the higher than normal CO; concentrations
found in their exhaust air in comparison with other vents
(Supplementary Text 1). Through discussions with facilities and
inspection of building plans, these vents were also identified as
general exhaust from internal human-occupied spaces.

Sensors were first installed at the exhaust vents for 4
weeks from June 25th to July 22nd, 2018 to understand
dynamics during periods of time when there were varying
amounts of people in the building. Information regarding
the schedule of the building was obtained. During the
first 2 weeks, only instructional staff (no students) were
present during the day, which consisted of 10-15 people.
During the second 2 weeks, a camp program was run with
around 175 students attending classes regularly throughout
the day.

The rooftop sensors were also run throughout the
rooftop farm experiments. During this time, a sensor was
installed within a bathroom on the second floor of the
BUA. Blueprints for the design of the building indicated that
this location was most likely the closest point within the
building to where the exhaust vents were connected. These
vents could be less directly connected to classroom COy,
but given general circulation and diffusion, were assumed
to be representative of overall CO, concentrations within
a building.

frontiersin.org


https://doi.org/10.3389/fsufs.2022.918027
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org

Buckley et al.

Rooftop farm experiment

Study species
Spinach (S.
nutritionally important crop (Min et al., 2014; Reddy et al,
2014). It has a high nutritional value (Kuti and Konuru, 2004)
and notable quantities of secondary chemicals (Nuutila et al.,
2002; Bunea et al., 2008; Shohag et al., 2011; Buckley et al,
2021), which protect against chronic diseases (Howard et al.,

oleraceae L.), is an economically and

2005). Itis a cold-season crop from southwestern Asia (Candlish
et al., 1987), a property we valued because all plant growth
experiments were run in the fall and spring seasons, a time of
cold weather in Boston, MA. The fall and spring seasons were
selected due to them coinciding with the period when the largest
number of people are present in university and high school
buildings. The study required people to produce CO; through
respiration to test the impact of CO,-enriched exhaust vent air
on plant growth. Spinach also utilizes the C3 photosynthetic
metabolic pathway, which is more responsive to elevated CO,
(Kimball et al., 2002; Nowak et al., 2004).

Corn (Z. mays) was grown in the spring to explore the
effect of other characteristics of the exhaust vent air such as
temperature. Corn is originally from Central America and is
the most widely planted crop in the United States with 31.9
million ha planted in 2002 (Kadam and McMillan, 2003). It has
less tolerance for cold than spinach (Warrington and Kanemasu,
1983), but is known to use a C4 carbon fixation strategy, which
makes it less sensitive to increased CO, concentrations than C3
species (Ainsworth and Rogers, 2007; Hatfield et al., 2011) and
therefore might responds more strongly to other environmental
characteristics of the exhaust vent air besides CO, (Leakey et al.,
2004; Long et al., 2006; Ainsworth and Rogers, 2007).

Experimental set up

Plants were grown directly around the two Direct Drive
Centrifugal Roof Exhausters that were actively and continuously
exhausting air to the rooftop and around the two control fans
(Figure 2B). The control fans tested the effect of the fans alone
without exhaust vent air from inside of the building. Hereafter
these treatments are called “Exhaust Vents” and “Control Fans”.
In the spring there was also treatment called “Control” with
a fan that was not turned on as an extra control for wind
speed. A subset of the environmental data between 8:00 AM
and 4:00 PM was selected since this was the time people were
expected to be inside the building, as well as when plants
undergo photosynthesis and take up CO,. Daytime Exhaust
Vent air was similar to Indoor Air and different from Control
Fan air as shown by CO,, temperature, and relative humidity
measurements (Supplementary Figure 1). CO2 measurements
averaged 758 & 3.7 ppm at the Exhaust Vents, 512 + 2.8 ppm
Inside, and 454 £ 2.5 ppm at the Control Fan. None of the
95% confidence intervals for the Exhaust Vent (765.1-751.0),
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Indoor measurements (517.6-506.8), and Control Fan (459.4—
450.0) overlapped. The Exhaust Vent was most different at 67%
higher than the Control Fan compared to Indoor measurements
which were 13% higher than the Control Fan. Temperature
measurements averaged 22.22 % 0.02°C at the Exhaust Vent,
21.11 % 0.018°C Inside, and 14.44 + 0.14°C at the Control
Fan. Since these measurements were taken in the fall, indoor
temperatures were higher at the Exhaust Vent and Inside to
compensate for cold outdoor temperatures. Confidence intervals
for the Exhaust Vent (22.31-22.38°C), Inside (21.03-21.10°C),
and Control Fans (14.62-14.09°C) showed a greater difference
than with CO, with Exhaust Vent and Indoor measurements
being 25 and 21% larger than Control Fan air. Relative humidity
measurements averaged 45% = 0.38 at the Exhaust Vent, 45%
=+ 0.40 Inside, and 68% =+ 0.45 at the Control Fan. This was
also reflected in the confidence intervals for Exhaust Vent
(45.8-44.3), Indoor measurements (45.7-44.1), and Control Fan
(68.9-67.1), which overlapped for Exhaust Vent and Indoor
measurements and were 33.7 and 33.9% over the Control
Fan measurements. These differences created the Exhaust Vent
treatment experienced by the plants grown next to the fans
in the Fall 2018 (Supplementary Figure 1) and Spring 2019
(Supplementary Figures 2,3).

Plants were grown in milk cartons, which are large,
mobile, and relatively accessible. Milk crates are also the
primary container used by current installers of rooftop farms
in Boston and across the region, such as Recover Green
Roofs (www.recovergreenroofs.com). Recover Green Roofs
has developed a RAMM (Recover Aerated Media Module)
design with a non-woven Polypropylene Liner with organic
compost-based potting mix (Roofs, 2018). Recover Green Roofs
graciously lent the milk crate and felt portion of their RAMM:s
to maintain a system similar to four of the six rooftop farms
they have built in Boston. Eight milk crates were placed in pairs
around the four sides of each fan for a total of 32 milk crates.

We used an open system to apply the vent air to avoid
backpressure. Curved aluminum structures (Figure 2A) were
attached around the base of the vent to direct the vent air toward
the plants. Aiming the vent air above the media avoided drying
the media out, a common issue in rooftop farms (Ahmed et al.,
2017). Soil moisture was measured in each milk crate twice a
week using a handheld Soil Moisture Meter (Vegetronix, Digital
VG-Meter-200). An anemometer (HOLDPEAK 866B Digital
Anemometer Handheld) was used to determine the wind speed
of the exhaust vents. The wind speeds of the two exhaust vents
were ~4.47 and 7.60m s~ 1. It was not possible to change the
speed of either of these fans. Therefore, the speed of the two
control fans were adjusted to reflect these wind speeds.

Plant growth
In the fall of 2018, spinach seeds (Bloomsdale, Long
standing, USDA organic) were purchased from Mountain Valley
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FIGURE 2

Experimental garden set up around rooftop Exhaust Vents and Control Fans. This shows (A) a diagram of the experimental set up at one vent/fan
and (B) a picture of the actual set up. Spinach and corn were planted in milk crates provided by Recover Green Roofs positioned next to various
vents for four and a half weeks until harvest after which growth was measured.

Seed Co. and planted in starter trays for 4 weeks in a classroom
in BUA with a large south facing window. They were watered
from above approximately every other day until ready to be
transplanted on the roof. Plants were hardened for a week
before being transplanted by being moved onto the rooftop
for increasing amounts of time. The spinach was then moved
permanently up to the rooftop and 12 spinach plants, three
rows of four, were planted in each of the 32 boxes. The
experiment produced a total of 384 plants with 96 in each
of four treatments, with each treatment distributed among
eight boxes. In spring 2019, the same experiment was done
except with corn seeds (Trinity Organic F1) purchased from
Johnny’s Selected Seeds (Winslow, ME). Nine corn sprouts,
three rows of three, were planted in 12 boxes for a total of 81
plants, 27 in each treatment. This represents pseudo replication
with multiple plants and boxes surrounding only two exhaust
vents and two control fans, each with a different wind speed
(Ellsworth et al., 1996) but still provides preliminary insight
into an Exhaust Vent effect. In the spring only the low wind
speed exhaust vent and control fan was used along with a
second control group where the fan was not turned on to
further test the effect of the wind speed on the plants. Nature’s
Care potting soil, and organic, compost-based soil similar to
the potting mix in the Recover Green Roof RAMM system
was used. After one full day outside, the boxes were moved
a foot away from the edge of the vents and fans at the end
of the metal sheets directing the air. Plants were watered
approximately every other day if it had not rained for three
consecutive days.

Frontiersin Sustainable Food Systems

05

Crop performance

At each harvest one row of three plants was harvested. Plants
were cut at the base just below the soil surface and immediately
weighed to measure the wet weight of biomass. All plants were
then frozen and kept at —80°C until they were placed within a
lyophilizer and dried for 3 days. At the end of this process, plants
were again weighed to find the dry weight of biomass. In the fall,
three harvests were carried out a week and a half apart and in
the spring all plants were harvested at the end of the four and a
half weeks. Each week the number of leaves was counted on each
plant. A leaf was counted once it had unfolded and the petiole
was seen extending from the center of the spinach plant.

Statistical analysis

All statistical analyses and data visualization were performed
in R (Version 3.4.4). For a subset of 5 classrooms in the CAS
where CO, concentrations were measured, the scheduling data
were merged with the CO; data. The class times were then
highlighted on the CO; graphs in order to determine overlap
of CO, spikes and class times. Overall effects of the different
treatments of air from exhaust vents and control fans on the
wet and dry biomass and leaf number of the crops were analyzed
with an ANOVA with each plant as the experimental unit. The
treatment was the independent variable and the biomass or leaf
number the dependent variable. The multiple comparisons using
least squares means Tukey’s HSD method was used to identify
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significant differences between treatments. This same analysis
was done to determine differences between the effect of different
speeds at the four fans. An ANOVA was used for analysis of the
environmental characteristics though averaging environmental
data over time ignores non-linear impacts on trends. To further
characterize these data, 95% confidence intervals and effect size
were also calculated.

Results

CO;, measurements

Classroom CO;, measurements

CO; in classrooms varied highly between day and night
with spikes in CO; occurring during scheduled class times.
In general, classes ran between 8:00 am and 4:00 pm.
During this time CO, increased dramatically and maintained
high concentrations relative to background COy (Figure 3).
Throughout all classrooms, CO2 was above 1,000 ppm 37%
of the time with an average concentration of 1,060 ppm
and maximum of 4,470 ppm. CO; levels dropped closer to
atmospheric concentration around 410 ppm (Ng et al., 2019)
by the end of the day (4:00 pm). Weekend CO, concentrations
were more variable (Supplementary Figure 4). Based on the
subset of classes that were compared with their schedules,
increases and decreases in CO; concentrations coincided
directly with class times (Figure 3). CO3 levels increased during
class times though the range of CO, concentrations appeared
to vary based on the classroom (Supplementary Figure 5). This
was dependent on number of students and classroom size,
which were both provided by the 25Live scheduling data

(Supplementary Figure 6).

Rooftop CO, measurements

CO;3 from rooftop Exhaust Vents increased when summer
camp classes were being held inside the buildings. The
measurements taken from the Exhaust Vents over the summer
during the first 2 weeks when very few people were in the
building were consistently close to atmospheric concentrations,
~410 ppm, and no clear temporal pattern was identified
(Figure 4A). Once a camp began during the second 2 weeks
of measurements and the number of people in the building
increased to ~175 people, a clear pattern became visible. CO,
concentrations approached similar levels as seen within the
classrooms (Figure 4B) though they were overall lower most
likely due to diffusion and leakage in the system. Over the
second 2 weeks of these measurements, Exhaust Vent CO,
stayed above 1,000 ppm 10% of the time with an average
daytime concentration of 830 ppm and maximum of 1,300
ppm. Similar to measurements indoors, CO; concentrations
dropped to atmospheric levels around 410 ppm at the end
of the day and stayed lower over the weekend. During
the rooftop farm experiments, these patterns remained true
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with CO; concentrations from the Exhaust Vents during the
week being increased to around the same levels as described
above (Supplementary Figure 1). These correlated well with the
indoor CO, measurements taken in the second floor bathroom
(Supplementary Figure 7A).

Rooftop farm crop performance

Wind speed effect

In Fall 2018, there was a significant difference between
growth of spinach at the high and low speed fans for both dry
(F(1,1) = 14.96, p < 0.001) and wet (F(; ;) = 25.98, p < 0.001)
biomass, with plants grown next to the higher speed fans (17
mph) significantly smaller than those grown next to the lower
speed fan (10 mph) for the Exhaust Vents (Figure 5A; p < 0.001,
p < 0.001; Supplementary Figure 8A). The growth differential
next to both Control Fans was too low for a difference to be
detected (p = 0.96, p = 0.99). Even at the higher wind speed, the
growth enhancement effect of the Exhaust Vent still significantly
increased dry and wet biomass compared to growth next to
both the Control Fans at high (p = 0.0058, p = 0.011) and low
speeds (p = 0.0028, p = 0.043). This difference can be observed
in representative pictures of the four treatments (Figure 6). To
isolate only the exhaust fan effect, going forward, only the data
from the plants surrounding the lower speed fans were used.

The same trend was found for leaf number. Even with
wind effects, leaf number was higher for plants surrounding
the Exhaust Vent than for plants surrounding the Control
Fan (Supplementary Figure 9A; F(y 1y = 23.64, p < 0.001). The
number of leaves grown next to the Exhaust Vent at the higher
speed was less than at the Exhaust Vent at the lower speed (p
< 0.001), but the difference between leaf number at the high
and low speed Control Fans was not significant (p = 0.25). The
Exhaust Vent effect did still lead to more leaves being produced
at the high speed Exhaust Vent in comparison to the high speed
Control Fan (p = 0.0017). However leaf number at the high
speed Exhaust Vent was not significantly different than the leaf
number next to the low speed Control Fan (p = 0.23).

Biomass and leaf number

In Fall 2018, spinach biomass increased and more
leaves grew next to Exhaust Vents (Figure6). The dry
biomass (Figure 5B; F( 1) = 56.87, p < 0.001), wet weight
(Supplementary Figure 8B; F(y 1y = 57.69, p < 0.001), and leaf
number (Supplementary Figure 9A; F(y 1y = 41.11, p < 0.001)
of the spinach next to Exhaust Vents were significantly greater
than those of the spinach grown next to the Control Fan. The
average dry weight of plants next to the Exhaust Vent was 0.45 g
=+ 0.013 (£SE) compared to 0.12 £ 0.041 at the Control Fan.
The average leaf number of plants next to the Exhaust Vent was
7 £ 0.08 compared to 5 £ 0.15 at the Control Fan. Dry biomass
around the Exhaust Fan was almost four times larger than dry
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FIGURE 3
Two examples of classroom CO, measurements over a week compared with class times, out of 20 classrooms monitored. CO, sensors (Onset
HOBO Bluetooth Low Energy Carbon Dioxide—Temp—RH Data Logger, #MX1102) were installed in classrooms for 1 week. Occupation data
was collected for these classrooms from the 25Live scheduling system used by BU. Class times (green boxes) were plotted against CO;
concentrations (black lines) over time to compare CO; spikes with classroom usage. Spikes occurred primarily during class time in classrooms
(A) CAS 201 and (B) CAS 213.

biomass around the Control Fan with means of 0.45 & 0.04g
and 0.12 +0.13 g.

During Spring 2019, there was a significant difference
in the corn dry and wet biomass (Figure5C; F(j5) =
10.13, p < 0.001, p < 0.001) with the growth next to the
Exhaust Vent being significantly higher than at both the
Control Fan and the Control for both dry (p < 0.001, p =
0.0045) and wet (Supplementary Figure 8C; p < 0.001, p =
0.012) biomass. The same trend was found for leaf number
(Supplementary Figure 10A). There was also a difference in
color between the treatments (Supplementary Figure 11) with
corn next to exhaust vents appearing greener than corn next
to the control fans which appeared more yellow. The corn was
between 2 and 3 times larger at the Exhaust Fan vs. the Control
Fan with means of 0.17 £ 0.005 g and 0.065 =+ 0.008 g.

Environmental measurements

For soil moisture, data were taken once a week, but
only data from the last day of data collection, on the
final harvest, were analyzed to be consistent with biomass
In both Fall 2018 and
Spring 2019 no significant differences were found between

and leaf number measurements.

the soil moisture measurements at the Control Fans and
Exhaust Fans (Supplementary Figures 9B,10B). Frost covering
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the rooftop in November showed an ~2 m outline around the
exhaust vents where the warmer indoor air melted the frost
(Supplementary Figure 12A) in contrast to around the control
vents (Supplementary Figure 12B) where no outline was seen
giving a preliminary indication of the spatial extent of the effect.

Discussion

This study investigated the functionality of the BIG GRO
system, which takes advantage of waste CO, built up from
human respiration indoors and applies it to plants in a rooftop
farm in order to enhance crop growth. CO, concentrations
inside classrooms were confirmed to be elevated, as well
as at exhaust vents on the rooftop, particularly when large
numbers of people occupied the building. Plants grown adjacent
to these exhaust vents grew larger with the application of
indoor air. This supports the potential of BIG GRO as a
new way to enhance both growth and survival of crops in
rooftop farms.

Building metabolism

In these buildings, humans drove building metabolism by
being the largest contributor to CO; concentrations, leading
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to high levels both indoors (Figure 3) and in exhaust vent
air (Figure 4). CO; measurements are often used in the
context of health and energy efficiency, with governmental
agencies recommending CO;, concentrations remains below
1,000 ppm (Apte et al., 2000; ACGIH American Conference of
Governmental Industrial Hygienists, 2011; Persily, 2020) or even
800 ppm (MADPH, 2022). High levels of CO, are associated
with increased levels of other indoor air pollutants (Lee and
Chang, 1999; Seppanen et al., 1999; Apte et al., 2000) and directly
decrease cognitive function (Rice, 2004; Zhang et al., 2018)
even when as low as 1,000 ppm CO» (Satish et al., 2012; Allen
et al,, 20165 Persily and de Jonge, 2017). Removing CO, from
classrooms is beneficial for humans and this study highlights
that the same CO; can act as a resource for plants in rooftop
farms. The human source of waste CO; can be repurposed and
the rooftop farm can both act as a sink for CO; and recycle that
CO3 into crops humans can eat (Figure 1).

Plant growth enhancement

The overall CO;, patterns found for exhaust air (Figure 4)
indicate that it could be used opportunistically to induce CO;
fertilization and act as a resource for plant growth enhancement.
CO; in exhaust vents was between 500 and 1,000 ppm, the
relevant levels for CO; fertilization (Rogers et al, 1994).
The increased leaf number provides further support for the
occurrence of CO; fertilization since plant physiology has been
found to alter at higher CO, concentrations (Fleisher et al.,
2008). BIG GRO does not apply a constant stream of increased
CO,. It opportunistically takes advantage of the fact that CO,
is higher during the day in non-residential buildings. The
daytime hours coincide with when plants require CO; for the
light phase of photosynthesis and is the most relevant time
for CO; fertilization (Calvert and Slack, 1976; Miglietta et al.,
1997; Moore et al.,, 1999; Edwards et al., 2001; Leakey et al,
2009). BIG GRO is also opportunistic by redirecting air already
being expelled through exhaust vents toward plants. It avoids
complicated and energy intensive processes such as condensing
the CO; or controlling application to produce a constant CO,
source, which would alter the overall carbon footprint of BIG
GRO. This makes the BIG GRO system cheaper and simpler
to construct, allowing for wider implementation, especially in
lower resource settings.

Factors aside from CO», such as temperature, precipitation,
etc., are also known to affect plant growth (Nijs et al., 1997;
Zvereva and Kozlov, 2006; Cai et al., 2016). The inclusion of
corn in this study provides an indication that CO;, is one
of multiple factors driving the growth enhancement effect.
C4 plants should have a weaker response to increased CO;
concentrations (Sharkey, 1988; Kimball et al., 2002; Nowak
et al., 2004; Long et al., 2006; Ainsworth and Rogers, 2007;
Hatfield et al, 2011). This is because C4 metabolism is a
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FIGURE 4
CO; released from rooftop vents on a building while
unoccupied and occupied over 4 weeks. Sensors were attached
to two vents on The BUA roof for 4 weeks. (A) During the first 2
weeks, only baseline staff were present and (B) during the
second 2 weeks a camp was being run. There were no CO,
peaks in the first 2 weeks and peaks up to 1,300 ppm during the
second 2 weeks indicating the connection between Exhaust
Vent CO; and building occupancy.

photosynthetic process specifically designed to increase CO;
uptake efficiency, so even at low atmospheric concentrations of
CO; internal CO; concentrations are already higher (Ainsworth
and Rogers, 2007). In this study, both spinach and corn
increased in growth (Figure 5), implying other environmental
factors such as temperature could be enhancing plant growth.
Both spinach and corn are sensitive to temperature and have
approximate optimal temperatures of 20°C for spinach and
30°C for corn (Boese and Huner, 1990; Yamori et al., 2006),
so the buffering effect of applying heated or cooled internal
air would theoretically assist in avoiding extreme temperatures.
A full factorial experiment that controls for different variables,
such as CO; and temperature, could separate these effects. While
our study was not able to separate these due to its observational
design, we developed a proof of concept experiment by looking
at the overall effects of ventilation air on crops.

BIG GRO system design and
implementation considerations

As found here and in other studies, high windspeed can be
detrimental to plant growth (Onoda and Anten, 2011). However,
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FIGURE 5
Average dry weight of spinach and corn plants in response to Exhaust Vent air. (A) Spinach was grown in Fall 2018 next to two fans at a higher
wind speed (17 mph) and two at a lower speed (10 mph) and one of each of these was a Control Fan and Exhaust Vent. Between the Exhaust
Vents, the spinach plants exposed to high wind speeds were smaller (p < 0.001). Even with this, the Exhaust Vent was able to recover growth
compared to both the low (p = 0.0058) and high-speed (p = 0.0028) Control Fans. At only low wind speeds there was a significant increase in
(B) dry biomass (p < 0.001) with exposure to exhaust air. These data were from harvest 3. (C) Corn grown in Spring 2019 next to the Exhaust
Vent was larger than at both the Control Fan (p < 0.001) and control garden (p = 0.0045). Different capital letters indicate statistically significant
differences among treatments.

wind speed will also play a role in moving the exhaust vent
air across the rooftop to increase the extent of the growth
effect. The largest impact of BIG GRO would be realized by
applying exhaust air across an entire rooftop area. Therefore,
optimizing the physical application of exhaust vent air in regard
to appropriate windspeed and spatial extent of application would
greatly contribute to the BIG GRO design.

If BIG GRO were optimized, it could also be used as an
inexpensive method for conducting future FACE studies that use
a free waste source of CO; on topics not yet fully understood.
Open questions remain such as how to optimize production
(Ainsworth and Long, 2005; Ainsworth et al., 2008), the effects
of multiple environmental factors (Nijs et al., 1997; Cai et al,
2016), and whether or not the CO; fertilization effect decreases
the nutritional content of crops (Idso and Idso, 2001; Loladze,
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20025 Myers et al., 2014; Medek et al., 2017). This last question is
also relevant in BIG GRO since the response of plant nutrients
and secondary chemicals grown in this system might be different
than in other FACE studies as there are differences in nutrient
cycling in cities when compared to rural areas, undisturbed
systems and other agricultural sites (Rao et al., 2014; Templer
et al., 2015; Decina et al, 2016). Urban areas have higher
CO; concentrations, temperature, ozone, nitrogen, and other
environmental factors (Briber et al., 2015), which could change
plant responses (Kangasjarvi et al., 2005; Prajapati, 2012; Rao
et al., 2014). The effects of increased CO, concentrations in
urban systems compared to different biomes could be examined.
While this study focuses on urban environments, it is important
to note that this concept could also be applied to buildings in
rural areas if they reach a suitable capacity on a regular basis.
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FIGURE 6

Representative picture of spinach growth next to high and low
wind speed exhaust vents and exhaust and control air
treatments. (A) Spinach grown next to an exhaust vent and (B)
next to a control fan both at low wind speed. (C) Spinach grown
next to an exhaust vent and (D) next to a control fan both at
high wind speed. The images for each group were ranked by
size and the median image is shown here.

A related project based in Barcelona Spain described an
Integrated-Rooftop Greenhouse (i-RTG), rather than a rooftop
farm, which similarly drew on indoor air being directed into
the greenhouse to assist plant growth (Sanyé-Mengual et al.,
2014; Nadal et al, 2017a; Sanjuan-Delmads et al, 2018a,b).
Although they did not measure growth in individual plants
(Sanjuan-Delmds et al., 2018a,b), indoor air brought to the
greenhouse created more hospitable temperatures for growing
plants (Nadal et al., 2017b). These two systems further support
the relevance of using indoor air as a resource. This study
contributes information on increased CO since levels of CO»
were not high enough in i-RTG to test for a CO; fertilization
effect, but this was a part of their consideration. BIG GRO
highlights the impact on the larger carbon cycle considering
the potential carbon sink in a farm. It is also a cheaper system
with a relatively small carbon footprint since it does not require
larger structures and ideally would use less fertilizer (Vadice and
Martin, 2013; Pons et al., 2015; Sanyé-Mengual et al., 2015a; van

Beveren et al., 2015; Sanjuan-Delmas et al., 2018a,b).

Calculating the environmental impact of
a scaled up farm

Recycling carbon in the BIG GRO system could help
improve a building’s overall carbon footprint in multiple ways.
Carbon would be directly stored in the plants and soil in the
garden. Whittinghill et al. (2014) found that stored carbon
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varied based on species with herbaceous plants and grasses
holding an average of 68.2kg C m~2 compared to 0.38kg C
m~2 in sedum gardens (Getter et al., 2009). Even considering
estimated embodied carbon from construction, rooftop farms
are an overall sink over the first few years (Getter et al., 2009;
Whittinghill et al., 2014). CO; emissions from the building could
be avoided through decreased energy use (Oberndorfer et al,
2007; Batchelor et al., 2009; Garrison et al., 2012; Saadatian et al.,
2013) primarily from 10 to 43% decreases in air conditioning
use due to higher albedo and extra cooling from the presence
of the garden (Meier, 1990; Garrison et al., 2012), or avoided
transport of food from rooftop farms (Pirog et al., 2001; Halweil,
2002; Lower and Restaurant, 2014). Pirog et al. (2001) found
produce brought to Chicago travels an average of 1,518 miles
and that using local food from the surrounding area reduced the
associated carbon emissions from travel by 5-17 times. Studies
from the i-RTG project, which contains more carbon costs
associated with infrastructure, found the environmental impact
of their produce would be lower from decreased packaging and
transportation (Sanyé-Mengual et al., 2015a,b).

If implemented widely, a farm integrated into a rooftop farm
could make a significant contribution to food requirements for
urban communities. Orsini et al. (2014) looked at vegetable
production in rooftop farms in a field study conducted to
optimize the amount of crops that could be produced on one
rooftop. They used their estimate to scale up across the city of
Bologna, Italy by identifying all available flat rooftop space for
farming and determining that 77% of produce used by the city
could be grown on rooftop farms within city limits. Assuming
similar increases in yield could be found for different crops
across the growing season in different environmental conditions,
if BIG GRO were applied in this context, 86-144% of required
vegetables could be produced. The results would depend on
the number of vents on the buildings and the spatial extent
of their effect (Supplementary Table 1). Using the growth rates
from Orsini et al. (2014), this concept can be further expanded
to Boston M.A. where an estimated 190% of required vegetables
could be produced. By adding exhaust vent application systems,
207-290% of Boston’s vegetable requirement could be produced
(Supplementary Text 4, Supplementary Table 1). This indicates
that adding rooftop farms to rooftops within a city could
contribute a substantial amount of produce to the overall needs
of the city.

Conclusion

As the climate continues to change and the worlds
population continues to increase, levels of CO; are reaching
new highs and crowded cities are facing extreme weather
conditions. Leveraging underutilized rooftop areas to grow
crops will help overcome many environmental, economic, and
social challenges cities around the world currently face. To
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our knowledge, this is the first study to take indoor air with
elevated CO; concentrations and apply it to plants grown in
a rooftop farm or garden to test for a growth enhancement
effect. The enhanced growth found is consistent with a
CO, fertilization effect as characterized by FACE experiments
though it also indicates the influence of other environmental
characteristics of the exhaust vent air, such as temperature,
in increasing growth. BIG GRO is an innovative, sustainable
and scalable system for bringing the CO, fertilization effect
in to rooftop gardens. BIG GRO takes advantage of a waste
resource, human respiration, a sustainable resource that exists
in excess in cities. Implementing this approach on rooftops
across cities and increasing overall urban vegetation through
farming will help address some environmental challenges facing
cities including producing hyper local food more efficiently and
sustainably, harvesting carbon, and helping integrate into the
surrounding environment.
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