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where lamps (mostly light emitting diodes [LED]) are the sole light source. A high
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light use efficiency (LUE;,,.), defined as shoot dry weight per incident photosyn-
Correspondence thetic photon flux density (PPFD; gmol ") integral, is crucial for the economic vi-
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the literature and it is not clear whether LUE, . is higher in vertical farming than in

farm (53 studies), greenhouse (13 studies) and open field (8 studies) were collected
from literature, as well as relevant cultivation aspects such as lettuce weight at har-

Funding information vest, cultivation period (plant age at harvest), daily light integral, cumulative daily
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by Priva BV, De Lier, The Netherlands. light integral for the whole cultivation period, planting density and CO, concentra-

tion. The average LUE,,,. for lettuce grown in a vertical farm was 0.55gmol " which
was higher than 0.39gmol™" for greenhouse-grown lettuce. Both were substan-
tially higher than for field-grown lettuce (0.23gmol ). The maximum measured
LUE,,,. for lettuce grown in a vertical farm (1.63gmol ") is close to the published
maximum theoretical value, which ranges from 1.26 to 1.81gmol ™. Since all en-
vironmental factors can be fully controlled, vertical farming has the capability to
achieve the theoretical maximum LUE; .. Using the highest reported LUE;,. based
on shoot fresh weight (44 gmol ™" at 200pmolm™ s! PPFD and 16 h photoperiod),
itis estimated that each layer of a vertical farm can potentially produce annually up

=2 S—l

to 700kg of lettuce per m? at 500 pmol m of continuous light.
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1 | INTRODUCTION as well as a system to reduce transport distance, especially

for fresh fruit and vegetables (SharathKumar et al., 2020;
Vertical farming, where plants are grown in stacked layers ~ van Delden et al., 2021). However, compared with conven-
and lamps are the sole light source, is a production sys- tional production of fresh fruit and vegetables in open field
tem considered as a solution for water and land scarcity, = and greenhouses, vertical farming's energy consumption
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is substantially higher, mainly because of electricity use
for lighting (Kozai, 2013). Hence, increasing the light use
efficiency (LUE) is urgently needed to improve the eco-
nomic feasibility of vertical farming.

Light use efficiency can be defined in different ways.
For analyzing the economics or sustainability of commer-
cial production, the marketable crop fresh weight per unit
of electricity used is important. Therefore, several studies
define LUE as gram of marketable fresh weight per joule
electricity consumed by the lighting system (Kozai, 2013).
There are many aspects affecting this efficiency, includ-
ing the efficacy of the lamps (photons emitted by the
lamp per Joule electricity), which is not relevant for un-
derstanding the effect of environmental factors on LUE.
For that purpose LUE is often based on photosynthetically
active radiation (PAR, 400-700 nm), commonly indicated
as photosynthetic photon flux density (PPFD), or it can
be based on a wider range of photons (300-800 or 400-
800nm), which can be indicated as photon flux density
(PFD). In physiological research, LUE is often calculated
as crop dry weight per intercepted (LUE,,,) or incident
photosynthetic photons (LUE;,.), the latter representing
the efficiency of the whole process from photon capture to
biomass accumulation.

Crop growth in vertical farms results from photosyn-
thetic photons emitted from the light source and absorbed
by the leaves. The fraction of emitted photons captured
by a leaf depends on the leaf area, leaf optical properties
and leaf orientation. Captured photons result in photo-
synthetic assimilate production (carbohydrates). These
assimilates are partitioned to different crop organs, such
as roots, stem, leaves and fruits. The efficiency of all these
processes and therefore also LUE is affected by crop man-
agement and environmental factors, such as planting
density, light intensity and spectrum, photoperiod, tem-
perature, air humidity, carbon dioxide (CO,) concentra-
tion, air movement and water and nutrient availability.

When crops are grown in the field there are limited op-
portunities to increase LUE compared with crops grown
in vertical farms or greenhouses as there are limited mea-
sures that can be applied to the canopy environment such
as controlling light, temperature or CO,. Nevertheless,
growers can still affect the LUE by crop management
practices such as planting density and harvest time. In
greenhouses, the environmental factors can be controlled
within a certain level and the light intensity is determined
completely or partly by the natural light. In a vertical farm
environmental factors can be fully controlled. Here, light
is normally the only limiting factor as other resources can
be supplied at relatively low cost. Therefore, LUE is ex-
pected to be closer to its potential value in a vertical farm
compared with greenhouse or field cultivation. The poten-
tial LUE based on incident PPFD (gram of plant dry mass

per incident mole of photosynthetic photons) has been
discussed and calculated in several publications (Bugbee
& Salisbury, 1988; Kozai, 2013; Loomis & Williams, 1963;
Pattison et al., 2018; Zhu et al., 2010). An optimal envi-
ronment for the crop, although not specifically defined,
is assumed in these calculations for example an elevated
CO, concentration. Therefore, vertical farming is expected
to realize a LUE closest to the potential LUE.

The aim of this study was to quantify LUE based on
incident light of lettuce grown in a vertical farm where
lamps are the sole light source and compare it with LUE
of lettuce grown in greenhouse, or open field, based on
data in scientific literature. Furthermore, we aim to ana-
lyze the relative importance of several factors determin-
ing LUE in vertical farming. We hypothesize that vertical
farming's LUE based on incident light is higher than that
for greenhouse or field cultivation as the environment is
well-controlled, and light is the only limiting environmen-
tal factor.

2 | MATERIALS AND METHODS
2.1 | Data acquisition, extraction, and
processing

Light use efficiency (LUE,,.) in this paper is defined as
the shoot dry weight (SDW; gm™) divided by cumulative
incident PPFD (Cumulative Daily Light Integral, DLI_,;
mol m~?). Shoot dry weight is the weight at harvest, and
cumulative incident PPFD is calculated from transplant-
ing to harvesting. Publications reporting LUE or with suf-
ficient data available to calculate LUE for lettuce grown in
vertical farming, greenhouse, or open field were collected.
Peer-reviewed publications were searched in SCOPUS
(https://scopus.com/). The keywords applied included let-
tuce, LUE, radiation, light intensity, PPFD, vertical farm-
ing, greenhouse, field, and open field (Supplementary S1
in Appendix S1). Furthermore, data from one PhD thesis
were used (Both, 1995).

In addition to SDW, shoot fresh weight (SFW) and total
dry weight (TDW) were also collected or calculated from
the studies. When only dry weight was given, fresh weight
was calculated assuming a dry matter content and vice
versa (Table 1). When only total plant dry weight was re-
ported SDW was calculated based on fixed fraction of shoot
and vice versa (Table 1). In studies where plant dry and
fresh weight, including SDW, SFW, and/or TDW, were re-
ported per plant, it was multiplied by the planting density
to obtain values per square meter of cultivation surface.

There are a few other variables related to the calcu-
lation of DLI,,. DLI,,, is the product of daily light in-
tegral (DLI) and the duration in days of the experiment
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TABLE 1 Assumptions made for the calculations when data on shoot dry weight, shoot fresh weight, or solar light inside greenhouse
were not reported in the study. When only data on dry weight were given, fresh weight was calculated assuming a dry matter content of 0.04
and vice versa. When only total plant dry weight was reported shoot dry weight was calculated based on fraction shoot of 0.8 and vice versa.
When only radiation outside but not inside the greenhouse was reported, a greenhouse transmissivity of 0.62 was assumed. For solar light, a
conversion factor of 4.6 Mol per MJ was applied when solar light data were provided in MJ

Parameter

Dry matter content (ratio dry to fresh weight)
Fraction of biomass partitioned to shoot
Greenhouse transmissivity (glass)

Conversion factor for solar light (mol MJ™")

Value References

0.04 Gent (2014), Carotti et al. (2021)
0.85 De Pinheiro Henriques (2000)
0.62 Heuvelink et al. (1995)

4.6 Sager and McFarlane (1997)

TABLE 2 Theoretical LUE (g DW per incident mole of photosynthetic photons) reported in publications. Fa (dimensionless) is the

fraction of incident photons absorbed by the crop, QY is the quantum yield (mole of carbon fixed per mole of photon absorbed), CUE is the

carbon use efficiency (moles of carbon incorporated into plant biomass per mole of carbon fixed), HI is the harvest index (moles of carbon

in edible product per mole of carbon in plant biomass), k is the mass of CH,O (g carbohydrate) per mole of carbon in the edible product,

Epag (dimensionless) is the conversion efficiency from the energy within incident PAR to the energy fixed into the dry weight and E,,

(dimensionless) is the conversion efficiency from the energy of incident total radiation to the energy fixed into the dry weight

Parameters values used in the calculations

Publication LUE;,. Fa QY CUE HI k Eppr Eoia1
Loomis and Williams (1963) 1.81° 0.90 0.10 0.67 1 30

Bugbee and Salisbury (1988) 1.64°% 0.95 0.077 0.75 1 30 13% 6.0%
Zhu et al. (2010) 1.26° 4.6%
Kozai (2013) 1.26° 10%

Pattison et al. (2018) 1.33% 0.95 0.08 0.65 0.90 30

“LUE,, calculated as Fax QY x CUEx HI X k.

PCalculated from E,y,, assuming proportional relation between E,y,, and LUE,,. based on Bugbee and Salisbury (1988), hence 4.6%/6.0% X 1.64.

“Calculated from Ep,g, assuming proportional relation between Ep,g and LUEinc based on Bugbee and Salisbury (1988), hence 10%/13% X 1.64.

from transplanting to harvest (plant age). When there is
no transplanting between sowing and harvesting, 7days
were taken out of the calculation of plant age. When the
incident PPFD (pmol m~2 s_l) was reported, DLI was cal-
culated by multiplying this PPFD with the photoperiod.
For greenhouse, field, and a few vertical farming studies,
averaged DLI over the cultivation period was reported.
For greenhouse cultivations, since the cover material
(mostly glass) transmits only part of the outside radiation,
a fixed transmissivity was assumed (Table 1), when PPFD
at canopy level was not reported. For greenhouse studies
with supplemental light, incident light intensity from the
lamps was always reported (DLI or PPFD).

When data were not reported in the text but in a
figure, chart, and/or plot, they were extracted using
WebPlotDigitizer (Ankit Rohatgi, WebPlotDigitizer,
Version 4.3., Pacifica).

Box plots were used to present median and variation
in the analyzed variables for vertical farming, greenhouse,
and open field. These box plots cover the whole range of
data, with the end of the lower whisker being the mini-
mum value and the end of the top whisker the maximum

value, and the lower and upper section of the box repre-
sent the second and third quartile, respectively. The bar in
the middle of box stands for the median.

For LUE analysis, we took the data from the treatment
thatresulted in the highest LUE,,., when a paper contained
more than one treatment. Presented data were extracted
from 53 publications for vertical farming, 13 publications
for greenhouse production, and 8 publications for produc-
tion in open field (Supplementary S2 in Appendix S1). A
typical vertical farm contains several features including
a multi-layer production system. However, when plants
were grown in a single layer in a climate room, the data
were also considered as being representative for vertical
farming and, therefore, used in this study. Without further
explanation, such conditions were considered as repre-
senting vertical farming.

3 | RESULTS

Several publications provide information to obtain a theo-
retical LUE;,,,. (g DW per incident mole of photosynthetic
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photons; Table 2). Pattison et al. (2018) calculated LUE,,.
as the product of Fa (fraction of incident photons ab-
sorbed by the crop), QY (quantum yield; mole of carbon
fixed per mole of photon absorbed), CUE (carbon use ef-
ficiency; moles of carbon incorporated into plant biomass
per mole of carbon fixed), HI (harvest index; moles of
carbon in edible product per mole of carbon in plant bio-
mass) and k (mass of CH,O [g carbohydrate] per mole of
carbon in the edible product). In several papers, different
values were assumed for these five parameters (Table 2)
resulting in different values for LUE;,.: 1.81gmol™" for
Loomis and Williams (1963), 1.64gmol ™" for Bugbee and
Salisbury (1988) and 1.33 gmol " for Pattison et al. (2018).
Bugbee and Salisbury (1988) conservatively assumed
their calculated LUE, . of 1.64gmol ™" incident photosyn-
thetic photons is only possible for low-lipid plants even
though it is lower than Loomis and William's 1.78. Zhu
et al. (2010) calculated the minimum energy losses from
solar radiation to the energy fixed within crop biomass
to obtain a theoretical maximum energy fixation in the
crop. They estimated for C3 species that 4.6% of solar ra-
diation energy is fixed into the crop (E,,). The LUE;,
for Zhu et al. (2010), which was 1.26 g per incident mole
of photosynthetic photons, was calculated based on the

proportionality between E,,, and LUE,,. from Bugbee
and Salisbury (1988). Kozai (2013) calculated a theoreti-
cal maximum LUE, for vertical farming. He assumed a
maximum efficiency of 10% from PAR to chemical energy
in the crop (Epag) and based on the proportionality be-
tween Ep,y and LUE,,. from Bugbee and Salisbury (1988)
this means a LUE, . of 1.26 gmol .

The observed LUE;,. of crops grown in vertical farm-
ing covers a wider range than greenhouse and open field
(Figure 1a,b). LUE;, for lettuce grown in vertical farming
showed a high variability in the fourth quartile, whereas
for greenhouse-grown lettuce more variation was found in
the second quartile. The highest and the second-highest
observed LUE;, . for lettuce in a vertical farm based on SDW
(1.63 and 1.23gmol ") is in the reported range of the theo-
retical maximum LUE;. (Table 2) and significantly larger
than the highest LUE,,. for greenhouse (0.77gmol ") or
open field (0.49gmol™) lettuce production. The median
LUE,,. of vertical farming is lower than for greenhouse
cultivation, whereas for field production this is clearly
lower. However, the average LUE, . for lettuce production
in vertical farming (0.55gmol™") is 41% higher than for
greenhouse production (0.39gmol™") and 139% higher
than for production in the open field (0.23 gmol ™).
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A similar pattern is observed for LUE;,.  based on
SFW (Figure 1b). The highest fresh weight LUE, . was
43.6 gmol™' and the highest values for greenhouse
and open field were 18.5 and 12.4 gmol™', respec-
tively. Median fresh weight LUE; . for vertical farming
was 9.3 gmol™', which was lower than 10.8 gmol™*
for greenhouse cultivation. Both were higher than the
median fresh weight LUE,,. for open field cultivation
(5.3 gmol ™). However, average fresh weight LUE;,, for
vertical farming was 11.6 gmol™, which is higher than
for greenhouse or open field (9.2 gmol " and 5.9 gmol ™,
respectively).

Based on Carotti et al. (2021) who observed an inci-
dent LUE,,. in fresh weight of 44gmol™" (as observed in
plants grown at 200 pmolm > s~ PPFD and 16 h photope-
riod), potential annual lettuce production was estimated
for several combinations of photoperiod and incident
PPFD (Figure 2). Since the lettuce cultivated in a vertical
farm is clean, total shoot weight is taken as harvestable
weight. Potential annual yield was only 35kgm™ year™"
when grown at 50 pmolm™ s™! and a photoperiod of
12h but reached up to 700kgm™ year™' when grown at
500 pmolm™ s~" and a photoperiod of 24 h.

For the reported maximum LUE,,. values from
each publication, several potentially explaining factors
were compared (Figure 3a-f), including SDW at har-
vest (plant size), plant age (the number of days from
transplanting to harvesting), DLI (the daily incident
PPFD sum), cumulative DLI (the total incident PPFD
from transplanting to harvesting), planting density (the
density applied at transplanting), and CO, concentra-
tion. The size of harvested lettuce plants differed sub-
stantially when comparing studies of vertical farming,

800 12
600 - 20
£ — 1
Qo
=
£ 400
)
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3
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"
9 200
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0 1 1 1 1 1 L 1 L J
0 100 200 300 400 500

Incident PPFD (umol m2s?)

FIGURE 2 Potential annual yield of fresh lettuce production
for different combinations of incident PPFD and photoperiods of
12, 16, 20, and 24 h day . The calculations of potential yield were
based on the highest observed incident LUE of 44 g (shoot fresh
weight) mol™" (Carotti et al., 2021)
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greenhouse, and open field. In vertical farming studies
the SDW of the harvested lettuce was lower than for
greenhouse-grown lettuce, which was again lower than
for open field-grown lettuce (Figure 3a). Lettuce in verti-
cal farming takes a shorter growing period. Surprisingly,
the growing duration in greenhouses was rather similar
to open field (Figure 3b). Lettuce grown on the field re-
ceived the highest and vertical farming the lowest DLI
(Figure 3c) and cumulative light during the growing pe-
riod (Figure 3d). The median planting density in vertical
farming was higher than for greenhouse (Figure 3e) and
open field Greenhouse and open field cultivation's CO,
concentration was not different from the atmospheric
concentration (Figure 3f). However, elevated CO, con-
centration was often applied in vertical farming cultiva-
tion to promote plant growth.

As plants in the vertical farming studies are usually
harvested as smaller plants (Figure 3a) and at a younger
age (Figure 3b) than in greenhouse or open field, we an-
alyzed the dependence of LUE; . on plant age and size.
During cultivation the LUE;, . based on cumulative plant
dry mass and cumulative PPFD integral increased strongly
(Figure 4). Hence the older or the bigger the plant at har-
vest the higher the LUE,,.. At the end of a recent exper-
iment (Jin et al., 2021), LUE,,,. averaged over the whole
growing period was 0.5 gmol_l. However, when calcu-
lated only for the last week before harvest LUE;,. was
1.2 gmol ™.

Using the six variates on the y-axes of the panels in
Figure 3, a correlation analysis was performed for all pro-
duction systems combined (Supplementaries S4 and S5 in
Appendix S1) and vertical farming only (Supplementaries
S6 and S7 in Appendix S1). For all production systems
combined, from the six regressors three showed a signifi-
cant correlation with LUE;,. (DLI with r =—0.29; cumu-
lative DLI with r =—0.35; planting density with r = 0.46),
while plant age and SDW at harvest and CO, concentra-
tion showed no significant correlation with LUE. Multiple
linear regression starting with a model with all six re-
gressors followed by backward elimination resulted in a
model with three significant (p <0.05) regressors. Shoot
dry weight at harvest, planting density and cumulative
DLI together explaining 45% of the variance in LUE,,.
The first two regressors (SDW at harvest, planting density)
positively influenced LUE;,. and the last regressor (cu-
mulative DLI) negatively influenced LUE,,.. For vertical
farming only SDW at harvest (r = 0.45) and planting den-
sity (r = 0.48) showed a significant correlation with LUE;,,
(Supplementaries S6 and S7 in Appendix S1). Multiple
linear regression starting with a model with all six re-
gressors followed by backward elimination resulted in a
model with four significant (p <0.05) regressors. Shoot
dry weight at harvest, planting density, DLI, and plant age
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together explaining 83.0% of the variance in LUE,,, the
former two regressors positively influencing LUE,,. and
the latter two negatively influencing LUE;,,...

4 | DISCUSSION
4.1 | Highest observed LUE in vertical
farming close to its theoretical maximum

LUE,,. in vertical farming can be high, and there is only
a 10% gap between the highest LUE, . observed in a ver-
tical farming experiment, which is 1.63gmol_1 (Pennisi
et al.,, 2019), and the maximum theoretical value of
1.81gmol™" (Table 2). The majority of the theoretical
LUE;,. values (Table 2) were estimated by simplifying
the actual process of biomass production from photo-
synthetic photon absorption to the biomass accumulated
in the harvestable organs with different efficiencies for
these processes (Bugbee & Salisbury, 1988; Loomis &

Williams, 1963; Pattison et al., 2018; Zhu et al., 2010). One
exception is Kozai (2013) who calculated LUE;,, . by apply-
ing a constant conversion factor from dry mass to chemi-
cal energy fixed in dry mass. These calculations were
conducted based on a closed canopy absorbing at least
90% of the incident PPFD. A theoretical maximum LUE;.
is based on the assumption that the ambient environ-
ment for growing is always optimal, with ample supply of
CO,, water, and nutrients. In the actual experimentation
and production, the incident PPFD between transplant-
ing and canopy closure is not fully absorbed. The highest
LUE,,. reported in experiments is 1.63gmol™" (Pennisi
et al., 2019) and was achieved at a high planting density
of 100 plants m~? and by transplanting rather large plants
14 days after sowing. Therefore, the fraction light inter-
cepted was very high from the start of the cultivation. The
second highest measured LUE,,_ is 1.23gmol ™" (Carotti
et al., 2021) obtained at a much lower planting density
of 25 plants m™2. These cases demonstrate the great po-
tential of vertical farming to get close to the theoretical
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LUE,,, as incident photons will have inevitably been fall-
ing on the floor instead of being utilized by crops in the
early crop stage especially in the Carotti et al. (2021) case.
Quicker full light interception may be obtained by adding
far-red light (Jin et al., 2021; Meng & Runkle, 2019; Zou
et al., 2019) or dynamically changing planting densities,
that is, gradually decreasing as the plant develops (van
Delden et al., 2021). Considering that not all researchers
are very good growers, that many experiments were not
conducted with the aim to maximize growth and that ver-
tical farming is relatively new, it can be expected that still
quite some improvements in LUE, . are possible for the
LUE,, data presented in the literature. A higher fraction
of assimilate partitioned to leaf will benefit further light
interception and thus increase the biomass production,
especially in the relatively short growing period. With a
cultivation practice such that a high fraction of incident
light is absorbed by canopy already from the start of the
cultivation lettuce cultivation in vertical farming may
well be able to realize the theoretical LUE,,. as environ-
mental factors such as temperature and CO, (Becker &
Kldring, 2016), nutrients and water availability can be
kept at optimal levels.

4.2 | LUE,,is largestin vertical farming
followed by greenhouses and smallest in
open field

The average LUE, . for vertical farming (0.55gmol ") was
higher than for greenhouse-grown lettuce (0.39 gmol ™).
In vertical farming, when other factors become non-
limiting, such as nutrient and water availability, and CO,
concentration, light may become the only limiting factor,

by which the LUE, . can be maximized. Moreover, new
cultivation practices can be easily applied in vertical farm-
ing and further improve LUE;,.. Elevating CO, concentra-
tion is another practice to promote plant growth which
can be rather simply realized in the closed environment of
avertical farm (Figure 3f). In greenhouses, a non-limiting
root environment and a shoot environment closer to op-
timal than in open field cultivation can be obtained, but
less optimal than in a fully controlled vertical farm. In
addition, as solar light is the only or main light source
in a greenhouse, PPFD could be close to crop photosyn-
thetic saturation level which will result in a lower LUE.
Therefore, LUE,,,. in greenhouse varies over the seasons.
In summer, when the PPFD is high, the LUE,,. will be
reduced and LUE,,, is expected to be higher when PPFD
is lower, typically in winter. Such a seasonal variation in
LUE,,, has been observed for greenhouse cut chrysanthe-
mum cultivation (Lee et al., 2002). Moreover, in the field
or greenhouse PPFD may fluctuate rapidly during a day.
As photosynthetic induction may take some time, this
may lead to less photosynthesis (e.g., Kaiser et al., 2017)
compared with a vertical farm where PPFD can be kept
constant. Even though there are many modern techniques
applied, the temperature, relative humidity, and CO, con-
centration in a greenhouse cannot always be maintained
at the desired level, which will negatively affect LUE, . in
greenhouses. Climate control is most advanced for vertical
farming, less so for a greenhouse and absent for open field
cultivation. Therefore, the LUE,, is expected to be lowest
for open field cultivation and lower for greenhouse-grown
lettuce than for vertical farming.

In addition, the lettuce types and cultivars grown in
vertical farming, greenhouse, or open field differ be-
cause of different markets. Remarkably in the vertical
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farming studies the lettuces were harvested at a smaller
size (Figure 3a) and after a shorter growing period
(Figure 3b) than in greenhouse or open field, which neg-
atively affects LUE,,. (Figure 4). If a longer cultivation
period would be adopted, the period of closed canopy
would most likely represent a larger fraction of the total
cultivation period leading to a higher LUE,,. as a closed
canopy intercepts most of the incident light. Therefore,
if similar lettuce types would be grown in vertical farm-
ing, greenhouse, and open field, the differences in
LUE,,. are expected to be much larger than observed
now (Figure 1).

A high planting density can strongly increase the light
interception in a young crop. However, in practice planting
density is first of all determined by lettuce type. Therefore,
vertical farming, which often focuses on relatively small
lettuce plants, is the system that allows for a higher plant-
ing density than others (Figure 3e). As mentioned in the
previous section, variable planting density, starting with
a very high density when the plants are small and grad-
ually decreasing during the crop cultivation as the plants
get larger would result in consistently intercepting most
of the incident light, which would increase LUE;,. and is
most feasible to apply in a vertical farm.

Using data of lettuce experiments with a relatively long
growing duration and a reasonable harvest size the poten-
tial yield per unit growing surface was calculated. At a
continuous (day and night) PPFD of 500 pmolm™ s~ an-
nual yield could be as high as 700 kgm™ yield. This might
be a too optimistic estimation (“best case scenario”), as it
assumes that the LUE is maintained at high PPFD with
continuous light. At higher light levels LUE of lettuce
may decline or growth rate might even reduce, but these
responses seem to depend on cultivar and growth condi-
tions (Lee et al., 2019; Pennisi, Pistillo, et al., 2020b; Pérez-
Lopez et al., 2013; Virsilé et al., 2019). A number of crops
cannot stand continuous 24 h lighting (Velez-Ramirez
et al., 2011), but lettuce seems to be capable of growing
under continuous light, although optimal photoperiod
might be lower than 24h (Pennisi, Orsini, et al., 2020a).
Furthermore, tipburn is often a severe problem at high
growth rates (Sago, 2016). Here, we ignored potential
occurrence of tipburn, but it might be an important lim-
iting factor for realizing these high growth rates. This
would need further experimental testing in order to verify
the estimations. On the other hand, this estimate is not
even based on the highest observed LUE,,. (1.23 instead
of 1.63gmol ™! was used). Compared with a commercial
Dutch greenhouse productivity (33kgm™ [Raaphorst
et al., 2019]), one layer of vertical farming could be 20
times more productive. For wheat Asseng et al. (2020) es-
timated yield per layer in a vertical farm to be 22-60 times

higher than in the field. Considering multiple layers are
applied in vertical farming, production per unit of floor
area can become manyfold higher than in greenhouse or
open field. However, the economical optimum yield might
be different from the maximum yield.

5 | CONCLUSION

The average LUE;,. (light use efficiency; ratio of SDW and
incident PPFD integral) of lettuce was higher in vertical
farming (0.55g dry weight mol™) than for greenhouse
cultivation (0.39gmol ™), which was higher than in the
open field (O.23gm01_1). Since all environmental factors
can be fully controlled, vertical farming has the capability
to achieve the theoretical maximum LUE,,.. Indeed, the
maximum measured LUE; . for lettuce grown in vertical
farming (1.63gmol ™) is close to the maximum theoretical
values, ranging from 1.26 to 1.81 gmol ™, which can make
LUE;,. in vertical farming about 5 times higher compared
with average production in the open field.
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