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Abstract: Indoor vertical farming offers great opportunities regarding a sustainable and consistent
production of high-quality herbs and raw materials all year round for the perfume, chemical, or food
industry. Cultivation takes place in an enclosed structure, operating predominantly independent from
external conditions in multi-layer systems equipped with artificial lighting, enabling extremely high
resource use efficiencies with a simultaneous increase in yield. On the other hand, field production in
terms of plant quality and harvesting times is highly influenced by environmental conditions, making
it difficult to maintain homogenous raw material qualities throughout the year. To show how different
light qualities affect the overall efficiency and quality of Origanum majorana grown in an indoor
farm, the resource consumption, yield, and cultivation time as well as the essential oil quantity was
analyzed, and the efficiencies in terms of energy and land use efficiency calculated. The experimental
setup clearly demonstrated that the yield regarding fresh as well as dry matter and oil content was
comparable to one square meter of open field production. Based on this, the multi-layer system and
the noticeable lowered growth period result in a significantly higher area efficiency compared to the
open field, leading to a potential increase of annual yields of dried leave weight and oil contents
by up to 21 times. It was also shown that a white spectrum (W) showed similar influence on plant
growth and yield as a spectrum consisting of blue and red (B/R). Nevertheless, the LED treatment W
did show higher light use efficiencies as well as a better working conditions inside the cultivation
chamber. By an integration of indoor vertical farming into existing industrial processes, new and
innovative opportunities for a flexible and low-risk supply chain seem feasible and according to
German food industry meet the interests of existing stakeholders.

Keywords: plant production; marjoram; indoor farming; oil content; light quality;
energy use efficiency

1. Introduction

Today the production of plant material is highly influenced by industrial needs. The demand is
characterized by constant availability and based on quantities and homogeneous qualities. Within recent
years, quality also focused on special secondary plant metabolites to be used in aromatic or therapeutic
applications or as source material for the perfume and chemical industry. Furthermore, due to the
limited availability of water, accessible land, and fertile soil as well as the lack of favorable microclimatic
conditions, which are affected by the increased occurrence of extreme weather conditions due to climate
change, a sustainable and at the same time highly flexible agricultural production may be necessary for
the coming decades. In addition to intensified precision farming and ecologically sustainable methods,
a further way of meeting these challenges is indoor vertical farming.

Agronomy 2020, 10, 1769; d0i:10.3390/agronomy10111769 www.mdpi.com/journal/agronomy


http://www.mdpi.com/journal/agronomy
http://www.mdpi.com
https://orcid.org/0000-0003-0154-7887
https://orcid.org/0000-0002-5820-663X
http://www.mdpi.com/2073-4395/10/11/1769?type=check_update&version=1
http://dx.doi.org/10.3390/agronomy10111769
http://www.mdpi.com/journal/agronomy

Agronomy 2020, 10, 1769 20f17

Marjoram (Origanum majorana L.), often also referred to as “sweet marjoram”, is a perennial
herb, native to the Mediterranean area. It is commonly used in pharmaceutical and food production
processes [1]. The cultivation takes place in several countries in Europe, northern America, and
Asia. Marjoram is normally grown outdoors in the field, where it is either sown directly into the
soil or less commonly planted by greenhouse grown seedlings [2]. Due to unfavorable and often
unpredictable climatic and soil conditions, plant growth, and quality, e.g., yield, and oil content, varies
greatly. It is reported that yield, and also a uniform plant size, can be improved by using seedlings,
since the initial cultivation stage is more weather independent [1]. Marjoram is harvested as soon as
the first flower buds appear by cutting the above ground biomass at a height of 5 cm in order to reduce
contamination [1,3,4]. In Germany, two harvest periods are common during a short period of July to
September, while depending on the weather conditions and the use of an irrigation system up to three
cuts are possible [4]. After drying, the leaves and flowers are separated from the stems.

While in general the focus of fresh vegetable production is primarily on the yield, the parameter
for pricing is as important. Once the raw plant material is produced for industrial processes, further
quality aspects like the purity of the plant material in terms of microbial infestation, the absence of
weeds or insects are of interest. Other important parameters are the essential oil content, concentration
of secondary metabolites as well as the absence of heavy metals. This is especially due to a close
relationship between the volatile profile and the specific organoleptic properties of the final product,
as has been shown for meat products [5]. Quality controls focus on a homogenous quantity and
quality of essential oils in plant raw materials. Due to the open field production and the purchase from
several producers with differing cultivation conditions, the raw plant material often varies greatly.
Furthermore, to cover the year-round demand of dried raw plant material long storage periods are
necessary, posing a certain qualitative loss. Apart from the total oil content as an important quality
criterion at delivery, oil composition of marjoram and the flavoring character are also of central
importance for processing.

The essential oils of marjoram are reported to be present as terpinene-4-ol and sabinene as
well as thymol and carvacrol as major compounds [6,7], whereas the combination of terpinene-4-ol
with cis-sabinene hydrate is responsible for the characteristic flavor and fragrance [8]. Furthermore,
appreciable amounts of p-cymene and y-terpinene have been found [9]. Thereby the accumulation
and the final composition of essential oils is highly influenced by the cultivation conditions, climate,
and growth stage at the time of harvest [7,10,11].

One approach to produce consistent quality all year round is indoor vertical farming. By the
use of artificial lighting in multi-layer hydroponic systems, the cultivation takes place in an enclosed
structure and operates predominantly independent from external conditions. Therefore, it enables
a complete control over environmental factors [12]. This production system allows extremely high
resource use efficiencies with a simultaneous increase in yield [13-15]. Furthermore, due to the
ability to precisely manipulate environmental conditions during the production process, an increase in
secondary metabolite accumulation in herbs like Coriandrum sativum L. [16] or Ocimum basilicum [17]
as well as a decrease in contamination risks [18] is feasible. The application of different light spectral
qualities offered by LEDs to influence volatile compounds were investigated by several researchers
for plants like Ocimum basilicum [19-21]. Therefore, indoor vertical farming offers great opportunities
with respect to a sustainable and consistent production of high-quality herbs for the fresh market and
year-round raw materials for the perfume, chemical, or food industry. Nevertheless, the investment
and running costs for an indoor vertical farm to date are immense [13,22]. Therefore, strategies to
maximize productivity and resource efficiency are an important issue in scientific reports as well as
for producers.

Despite extensive literature research no scientific studies regarding a production of marjoram in an
indoor farming system in combination with information on the influence of light spectral quality on the
volatile compounds of marjoram or the resource efficiency could be found. However, an integration of
indoor vertical farming into existing industrial processes will open up new and innovative opportunities
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for flexible and low-risk supply chains. Accordingly, the aim of this study is to demonstrate how
different light qualities affect the overall efficiency and quality of marjoram grown in an indoor farm.
Therefore, the resource consumption, yield, and cultivation time as well as the essential oil quantity
and composition is analyzed. In addition, efficiencies in terms of energy and land use efficiency
are calculated for a further evaluation. Furthermore, the potential integration into the existing food
processing industry will be discussed.

2. Materials and Methods

2.1. Plant Material and Culture Conditions

The indoor farm at the University of Applied Science Weihenstephan-Triesdorf is a subsequently
insulated 45-foot long shipping container with two identical, separate growth chambers. Each chamber
is equipped with six multi-layer shelving-units resulting in a total cultivation area of 21 m? and
a floor area of 10.1 m2. The distance between each level is 40 cm, each level offers 0.84 m?
cultivation area (Figure 1A). Marjoram Origanum majorana seeds (N.L. Chrestensen Erfurter Samen- und
Pflanzenzucht GmbH, Erfurt, Germany) were sown in biodegradable Growcoons (104D-H30, & 35-28
mm, Maan BioBased Products B.V., Raalte, The Netherlands). Each Growcoon was filled with peat/clay
substrate (type P, Einheitserde, Germany) and moisturized one-day prior sowing. Immediately before
sowing, the Growcoons were moistened again and 10-15 seeds were evenly distributed on the surface
of each Growcoon, respectively. In the following, one Growcoon is defined as one plant. The sowings
were placed in trays (HP US 104/3.2P-25, HerkuPlast Kubern GmbH, Erfurt, Germany). After 17 d
the plants were set up at final tray-distance, leaving one space between each plant empty, resulting in
52 plants per tray and a total of five trays per level (Figure 1B). Furthermore, a micro-perforated PE-foil
(Aquafol®, Reimann Textiles, Emsdetten, Germany) was placed under the trays to improve water
buffering of the plants after rooting and to prevent possible algae formation. Three shelving-units
with a total of 12 levels were selected for the experiment. To ensure a homogenous climate and light
distribution, a white reflective foil was stretched in front of each shelf level, represented as dashed line
in (Figure 1C).

E—

%%
%%
D

U 580 cm
I
I

I

P — s w—

=

“ 42¢em [
~-¥ - {u}
v
< > - N
150 cm 250 cm
150 cm
B
60 cm
38d 45d
I_H I_H v
Tray Harvesting Area

Figure 1. Simplified scheme of the experimental setup showing the (A) structure of a shelf with four
levels and the (B) top view of one exemplary shelf with the respective arrangement of the five trays
and the two harvesting areas, as characterized by two different colored areas and exemplary marked
with one tray and one harvesting area. (C) shows an overview of the indoor farm used and the yellow
marked position of the shelves used for the experimental setup.
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During the whole cultivation period the temperature and humidity was kept at 25.9 £ 0.9 °C and
59.4 + 8.0% RH (the unit of air humidity). Temperature and humidity logger (TFA Dostmann GmbH &
Co. KG, Wertheim-Reicholzheim, Germany) placed at each level monitored both temperature as well as
humidity during the whole cultivation time. CO, concentrations were between 467 + 139 ppm without
additional fumigation. The fans were kept at a constant power setting during the entire culture period.
Comparable air velocities were controlled using freely fluttering strips that were attached to each shelf
level. Irrigation was carried out at the time of sowing by hand and then using the existing ebb and flow
system. The irrigation by a nutrient solution (electrical conductivity (EC) of 1.6 mS cm~! and a pH of
5.7 was activated for the first 15 d once and following twice per day, carefully keeping the plants at a
well-watered state at any time depending on their growth stage and water uptake. The composition of
the nutrient solution was as followed 13.5 mmM 17! N (NO3;7), I mmM 17! P, 6.5 mmM 17! K, 1.5 mmM
1! Mg, 45 mmM 17! Ca, and 1.5 mmM 1! S as major nutrients and minor nutrients: 35 pmM 17!
Fe, 5 umM 17! Mn, 20 umM 17! B, 0.5 umM 1= Mo, 0.75 pumM 17! Cu, and 4 pumM 17! Zn. Electrical
energy requirements for climatization, lighting, dehumidification, and vents were monitored using
energy data logger (Saia-Burgess Controls, Murten, Switzerland) during the entire cultivation period.
Since the total power and water consumption of climatization, vents, dehumidification, and fresh
water used was documented over the entire compartment, the remaining shelves were also completely
filled with plants to ensure a representative consumption calculation per m? or produced biomass.

2.2. Light Treatment

The experimental setup comprised four different spectra and two harvest periods. The light
treatment RB (B/R) (DR/B 150 LB, Philips (Signify, Eindhoven, The Netherlands) acted as standard.
In the experiment we focused on three white spectra (HORTURION CL 230-24 80 Formula White
series, BLV, Steinhoring, Germany), characterized by a high proportion of green in combination with
far red (W+FR), an equal proportion of green and blue (W) and a significantly increased proportion of
blue (W+B) (Figure 2). Spectral properties were determined in each shelf respectively with a handheld
spectrometer (MK350S Premium, UPRtek, Taiwan).
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LED treatment designation B/R W+FR W W+B
Producer/Type |  Philips/DR/B150LB | BLV/Formula White 1.2 B"V”’NZ‘?LT;';X‘QTF 17 B/ F‘:,r\‘rgzlﬁa\fyhite 18
Rated power (W) 32 24

PPF (umol s) 63 47 51 51
PAR efficacy (umol J-) 1.9 19 21 21
Blue (400-500 nm) 12 10 25 45
Green (500-600 nm) 0 32 24 12
Red (600-700 nm) 88 57 51 43
Far-Red (700-780 nm) 0 8 0 0

Figure 2. Light spectra used. The technical specifications of the LEDs were taken according to the
manufacturer. Below each LED treatment, the percentage distribution is given for defined wavelength
ranges as measured according to own measurements with a hand-held spectrometer.

The four lighting treatments were randomly assigned to the 12 selected levels of the indoor farm
with no duplication of LED treatments within one shelf. In order to reach the maximum yield in
the given system, the dark/light period was set to 4/20 h, aiming at a target DLI of 25 mol m~2 d~'.
For comparable intensities, 6 LED modules per level were installed for the LED treatments W+FR,
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W and W+B. The LED treatment B/R consisted of 5 LED modules. To ensure homogeneous light
intensities of 362 + 55 pumol m~2 s~! at a distance of 25.5 cm to the LED, the light distribution for each
lighting treatment was carefully measured by a grid of 10 cm? using a LI-COR quantum sensor (LI-190R,
Li-COR, Lincoln, NE, USA). Based on the recorded light distribution two harvesting areas were defined
for all repetitions, leaving the remaining plants as border plants (Figure 1B). In order to determine the
electrical energy consumption of the LED, own measurements of the energy consumption as well as
the manufacturer’s information of the rated power was used.

2.3. Cultivation Period, Growth Characteristics, and Resource Efficiency

According to the described dependency of essential oil on the flowering state two different times of
harvest were chosen. The harvested area was determined in advance, whereby special care was taken to
keep a uniform exposure intensity for both areas (Figure 1B). At a cultivation time of 38 d, which marks
the time when the first plants reached initiative flowering of <1% of flowers open regardless the
LED treatment, the aerial parts of the plants were harvested in the defined area. The second harvest
area followed as soon as the first LED treatment reached full flowering stage defined as more than
two-thirds of flowers open, which has been noted at a cultivation time of 45 d. At each harvest, three
sets of randomly chosen plants were cut per light treatment and repetition, consisting of two single
samples of 12 plants and one mixed sample with 52 plants (Figure 3). Since marjoram is usually cut
several times in open field production, the harvesting cut was done five cm above substrate level
for the mixed and one single sample. In order to also record the difference in yield and dry matter
accumulation by a single cut 12 plants were cut at substrate level.

Single sample Single sample Mixed sample
12 plants 12 plants 52 plants
! ! |
Cuitting at Cutting 5 cm above substrate level
substrate level

l '

Fresh weight (g)

| !

Plant height (cm)

! |

Number of shoots

v y
Dry weight (g)

Cutat5cmto
simulate open
field harvesting

Single cut at
substrate level

|

Qil content (ml g")

Figure 3. Exemplary representation of the data collection process during harvest as a flow chart.

For both single sample batches, all measurements were collected for each individual plant,
while the mixed sample was recorded as a sum parameter per repetition. After recording the fresh
weight (FW) the mixed sample was transferred directly to a drying oven (Memmert, Biichenbach,
Germany) for dry matter determination. On both single samples the shoot length (cm) were determined.
Afterwards they were also transferred to the drying oven. All samples were dried at 40 + 3 °C for 7 d.
The dried plant material (DWiot,)) was then carefully separated with regard to leaves (DWje,¢) and stem
(DWstem) and the weight of dry matter noted in each case. With the recorded data, further parameters
for interpretation such as drying ratio of FW:DWyy,), relative growth rate (RGR) as accumulated leaf
dry weight (DW)e,¢) divided by the cultivation time for 38 or 45 d respectively, the marketable share
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of dry weight (DWie,¢) per total dried biomass (DWit,1) and the yield of dried leaves (DWie,¢) per
cultivation area (m?) was calculated. Water use efficiency (WUE) was quantified as total consumption
per biomass produced (DWie,¢ 171). The ratio between marketable biomass (DW/e,¢) and the cumulative
electrical energy consumption of the LEDs was used to calculate light energy use efficiency (LUE) and
expressed as DWe, kWh™!. The land surface use efficiency (SUE), as one typically used parameter in
agricultural studies, was used to compare the achievable annual yield per m? floor area of an indoor
farm with an open field production. Therefore, the yield (DWe,¢) was calculated considering a plant
density of 375 plants per m? cultivation area, based on the experimental setup and a corresponding
cultivation period of 38 or 42 d (8 or 9 growth cycles per year from sowing to harvest respectively).
Two scenarios were compared, featuring a single layer to represent an open field production and a
multi-layer production with 4 levels. A second cut, as it is usually carried out in German marjoram
production, was considered for the open field scenario. Electrical energy efficiency (EEF) as well as
water efficiency (WE) was calculated as total annual consumption of electrical energy (kWh) or total
annual consumption of water (1) per achievable annual yield (FW)e,¢) based on the total cultivation
area of the given indoor farm.

2.4. Chlorophyllfluorescence Measurements

The chlorophyllfluorescence was measured with the Fluorometer MiniPam II/R (Walz, Effeltrich,
Germany) at a plant age of 40 d. Instant light-response curves were obtained by an increase of light
intensity in 12 steps with the internal light-curve program of the MiniPam (5 min duration with
30 s between each step). Prior to the measurement all leaves were dark adapted for 1 h. Fy’ and
Fm’ was determined using a saturation pulse (intensity 12, duration 0.8 s) of 6000 pmol m=2 s71.
Using these values, the efficiency of Photosystem II photochemistry, ®PSII = (Fy,'-F’)/Fm, and the
linear electron transportation rate, ETR = ®PSII*PPFD*0.84*0.5 was calculated and used to obtain
additional parameters such as the maximum electron transportation rate ETRmax [23]. Three leaves
were randomly chosen in both defined harvesting areas, but care was taken to take leaves of similar
distance to the LEDs. All measurements were done inside the indoor farm with identical climate
conditions as used during the cultivation period. Special care was taken not to change the leaf angle

during measurements.

2.5. Essential Oil Content

The dried plant leaf material (DWje,¢) of the mixed sample consisting of 52 plants per lighting
treatment, repetition, and growth period was then directly transferred to an external laboratory (QSI,
Germany). The determination of volatile oil component was done by hydro distillation over four hours
according to ISO 6571:2008 [24]. The results were expressed as ml on the basis of dry matter weight.

2.6. Statistical Analysis

The experimental setup comprised four lighting strategies, each with two different cultivation
times. The lighting strategies were randomized in three shelfs-units, with one unit being defined as a
repetition. Determinations regarding growth and yield for both harvest times were done with nine
repetitions for one LED treatment respectively, with one repetition representing the mean out of four
single plants. All laboratory determinations were done as triplicate, with one repetition consisting of
52 plants in total. All data on growth characteristics, as well as the oil content were tested regarding
normal distribution and following analyzed with one-way ANOVA to assess effects between the
lighting strategies (Minitab 2018, Minitab GmbH, Munich, Germany). Mean value differences were
assessed with a Tukey test with a considered significant at p < 0.05, « = 5%. The differences between
the harvest times were not statistically assessed.
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3. Results

The light treatment had a significant effect on the growth of marjoram plants. Regarding visual
appearance, an overall lighter appearance of the leaf color in the LED treatment W+FR was noted but
not further quantified by for example colorimetric measurements (Figure 4).

W+FR W+B B/R w

Figure 4. Exemplary representation of the development stage of marjoram after 38 d of cultivation for
each light treatment, respectively. Plant length shown in cm.

Marjoram grown under B/R were overall bigger, which manifested itself in the highest shoot
length as well as an increased fresh weight regardless the harvest time (Table 1). LED treatment W was
comparable in both parameters to B/R, respectively. W+B exhibited the lowest shoot length, leading to
the impression of a more compact growth. Among all LED treatments, B/R and W had the highest total
dry weight (DWoa1) of the plants in both growth periods. Regarding the proportion of leaves (DWieaf),
the highest shares for both growing periods showed LED treatment W. The significant differences in
dry weight, which were recorded after 38 d of cultivation, were no longer observed after a cultivation
period of 45 d.

The drying ratio, which accounts for an evaluation of the stem proportion, amounted to 6.3
on average for a cultivation period of 38 d, with the exception of LED treatment W+B (Figure 5A).
The extension of the cultivation period to 45 d led to a noticeable decrease in this ratio of about 20
to an average of 5.6. In contrast, the LED treatment W+B showed no decline in the drying ratio
and amounted to approximately 5.7 for both cultivation periods. It should be noted that none of
the drying ratios showed significant difference. The calculating of the marketable share allows an
estimation of the percentage of marketable dry leaf material within the total of the harvested plant
material. The marketable share is calculated as dry leaf weight (DWleaf) divided by total dry weight
(DWtotal) and expressed in percentage. The evaluation indicates significant differences for the four
LED treatments used in this study (Figure 5B). For both cultivation periods, the marketable share
remained similar for LED treatments B/R, W and W+FR, whereas LED treatment W+B expressed a
significant higher marketable share for a shorter cultivation period. Plants grown for 45 d using W+B
LED treatment showed a reduction in marketable share; however, this value was not significantly
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different to the other LED treatments. The relative growth rate (RGR) was significantly higher in B/R
and W compared to the other LED treatments after a cultivation time of 38 d (Figure 5C). A further
expansion of the cultivation time to 45 d had no visible effect on the RGR in the LED treatments B/R
and W. In contrast, RGR of the LED treatments W+B and W+FR increased by 24% (W+B) and 21%
(W+FR) for a longer cultivation period. Regarding the overall yield of dried leaf weight per square
meter cultivation area a LED treatment with B/R and W showed a significant higher yield compared to
W+B and W+FR (Figure 5D). These significant differences in the yield were not consistent under a
longer cultivation period of 45 d. Nevertheless, on average the yield increased in all LED treatments a
longer cultivation. There was no significant difference found for any of the above presented parameters
after 45 d of cultivation.

Table 1. Results on shoot length, fresh weight (FW), dry weight (DW) separately for total, leaf, and
stem of marjoram on day 38 and 45, respectively. Data is shown as means + SD (1 = 9). Different letters
in each column represents significant differences between light treatments at p < 0.05, determined
according to Tukey’s test.

Shoot

Treatment Cultivation Length FW DWiotal DWieat DWgtem
Code Time (d) (cm) (g plant™1) (g plant™1) (g plant™1) (g plant™1)
B/R 38 323+312  416+0812 0.64+0092 038+0073 0.26+0032
W 31.2+3.13  403+0352 0.65+0042 041+0.032 0.25+0032
W+B 229+25°  265+046° 045+0.07° 030+004° 0.14+0.03P
W+FR 280+44P 301+083P 048+014P 030+0.08P 0.18+0.06P
B/R 45 343+6148  440+1384 0.82+0224 048+0.134 034+0104
w 345+424A  470+1204 0.81+0204 049+0124 031+0094
W+B 274+318  364+0634 066+0124 042+0.064 024 +0.064
W+EFR 329+394B  402+0434 074+0114 046+0.094 027+0.044
8 80 .
7 o § w0 p b b
5 3 . ° o~ 70 >
c B ° = o °
Sz 8 65
® 0 » = 2
28 5 22 60 °
k= = . ° © g o
gu_ 4 g 55 °
o Cultivation time of 38 d L 50
- A O Cultivation time of 45 d ~ B
O BR W W+B  W+FR O &R W W+B  WHFR
018 a 300
- 0.16 ° b b -
® 014 T 250
§_ o012 2 200
8% 0.10 5
;Q 0.08 & 150
= 0.06 _g 100
¢ 004 g
002 C 50
0.00 0
BR W W+B  W+FR BR W W+B  WHFR

Figure 5. (A) Drying ratio as percentage of DW,,1:FW, (B) share of marketable leaf dry weight
in relation to DWyy,1, (C) relative growth rate per day and (D) yield of leaf dry weight per square
meter cultivation area (plant density of 375 plants per m~2 based on the experimental setup) of
marjoram growth grown under four different light treatments. All results are based on a cutting
height of 5 cm. Different letters represent significant differences between light treatments at p < 0.05,
determined according to Tukey’s test. There was no significant difference for a cultivation time of 45 d.
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There was a visible effect with respect to the light treatment and the development stage of the
flowers. LED treatment W+FR promoted the development of flowers to reach a first opening after
a cultivation time of 38 d (Table 2). After 45 d of cultivation, more than 30% of flowers in the light
treatment W+FR were in full flowering stage, while the remaining light treatments showed a delay in
development (first flowers open).

Table 2. Flowering state at the time of harvest for all four light treatments. Budding stage = no flower
open, First flowers open = < 1% of flowers open, Full-flowering stage = more than 2/3 of flowers open.

Treatment Code Flowering Stage after 38 d Flowering Stage after 45 d
B/R Budding stage First flowers open
4 Budding stage First flowers open
W+B Budding stage First flowers open
W+FR First flowers open Full-flowering stage

The evaluation of the instant light-response curves of marjoram leaves showed a significant lower
ETRmax in the LED treatment W+FR of 39.20 + 2.58 umol m~2 s~} (Figure 6) compared to 46.80 + 2.85
pmol m~2 st and 49.10 + 0.34 pmol m~2 s7! for W and W+B, respectively. Highest ETRnax values
were obtained for B/R with 53.00 + 5.95 pmol m~2 s~!. Additionally, LED treatment W+FR displayed
a smaller initial increase of the light-response curve (0.137 + 0.010). In comparison, all other LED
treatments showed a parallel increase ranging from 0.180 + 0.006 (W+B), 0.182 + 0.009 (W), and 0.189
+ 0.004 (B/R).

60
50
o 40
£
S
£ 30
=
x
w 20 [ - —0-B/R
B —o-W+B
10 - o-W
y W+FR
00

O 200 400 600 800 1000 1200 1400 1600

Light intensity (umol m=2 s1)

Figure 6. Results of instant light-response curves with an adaption time of 30 s of chlorophyll
fluorescence measurement on marjoram leaves (n = 3) grown under different LED treatment.

The mean essential oil contents of dried marjoram leaves were not statistically significant
for any of the considered cultivation times. However, the mean values indicated differences
with respect to the LED treatment (Figure 7). According to this, for a cultivation
period of 38 d, mean oil contents reached 1.8 + 0.2 mL 100 g~! (B/R), 1.5 + 0.4 mL
100 ¢! (W), 1.5 + 0.4 mL 100 g~! (W+B), and 1.8 + 0.4 mL 100 g~! (W+FR). The extension of
the cultivation period to 45 d indicated an increase of the oil contents for all LED treatments by 15 to
30% with the exception of W+FR, which indicated a decrease by about 29%.
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25

20

1.5

1.0

Oil content (%)

o Cultivation time of 38 d

0.5 O Cultivation time of 45 d

0.0
B/R W W+B W+FR

Figure 7. Essential oil content for dried leaves of marjoram plants grown under different LED treatments
(n =9). Different letters in each column represents significant differences between light treatments at p
< 0.05, determined according to Tukey’s test. There was no significant difference for both cultivation
times, respectively.

Regarding the energy consumption for both growth periods a total electrical energy consumption
per square meter cultivation area of 192 kWh m~2 (38 d) and 228 kWh m™2 (45 d) was measured.
Since the electrical energy consumption was recorded for the entire compartment, only the proportion
of energy consumed by the LEDs was assigned directly to the LED treatments. Accordingly, an energy
consumption of 2.7 kWh m~2d~! (B/R), 24 kWhm™2 d~! (W), 24 kWhm~2 d~! (W+B), and 2.4 kWh
m~2 d~! (W+FR) was calculated based on the technical specifications of the LEDs, respectively.
The remaining energy consumption for air conditioning, fans, dehumidifiers, and other consumers
was summarized as indirectly attributable energy consumption. LED treatment W expressed the
significant highest light use efficiency of 1.67 + 0.24 g kWh™! compared to all other light treatments for a
cultivation time of 38 d (Figure 8). This light use efficiency can be interpreted as possible accumulation
of dried leaf weight (DW/c,f) per electrical energy consumption of the respective LED. This overall
impression did not change with a longer cultivation time of 45 d. However, all LED treatments showed
an increase in the efficiency to convert light energy to dry leave weight by 7% (B/R), 3% (W), 16%
(W+B), and 30% (W+FR) at a longer growth period.

25
38d 45d
—~ 20
£ & T T
2 15 % |
1
: boo | ]
w 1.0
-}
-
0.5
0.0
B/R W W+B W+FR B/R W W+B W+FR

Figure 8. Light use efficiency (LUE) for marjoram plants grown under light treatments with blue and
red as standard compared to white light with different shares of blue, green, and far red (n = 9). Results
are shown for a cultivation time of 38 d and 45 d, respectively.

The potential to save valuable land by the use of indoor farming was noticeable (Figure 9).
Based on the land surface use efficiency (SUE) estimation the potential to increase SUE for marjoram
produced in an indoor vertical farm was up to five times higher, compared to an open field production
for the reference unit of one square meter floor area. Based on the cultivation times used in our
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experiments, 8 to 9 growth cycles per year can be estimated. Therefore, the annual yield of dry leave
weight as an average for all assessed LED treatments was calculated to 1.4 + 0.2 kg m=2a~! or 1.6 + 0.3
kg m~2 a! for the cultivation periods of 38 and 45 d, respectively. Two harvest times representing
an open field production resulted in an annual yield of dry leave weight of 0.26 + 0.05 kg m~2 a='.
A simulated multilayer system equipped with four levels results in an annual yield per floor area of
5.6+ 08kgm=2a ! (38d)or6.3+1.3kgm2a! (45 d), increasing the achievable yield compared to
an open field production by a factor of 21.

SUE (kg m2a)
N w E>N ()] (o)) ~

1
0

Open field Indoor Farm Indoor Farm
(1 layer) (4 layer)

Figure 9. Land surface use efficiency (SUE) for marjoram plants grown on open field and in an indoor
vertical farm with the reference value of one square meter floor area. n = 36.

The water consumption for one growth period was 3.9 1 m~2 (38 d) and 4.3 (45 d). Since a total
value per compartment was reported, the water use efficiency (WUE) varied according to the yield of
leaf dry weight. For the four LED treatments an accumulation of leaf dry weight per liter of 46.8 +
12.7 g 171 H,O, W of 482 + 11.8 g 17! H,O, W+B of 41.1 + 6.8 g 1! H,O, and W+FR of 45.0 + 8.7 g I-!
H,0O was calculated. The calculation of an annual energy consumption depends strongly on external
conditions like air temperature, global radiation, and wind due to the isolation of the indoor farm used
in the given experiment. However, based on the assumption of eight or nine cultivation periods and
the given results regarding yield and energy consumption the annual electrical energy efficiency (EEF)
of the given indoor farm would be 71 to 75 kWh kg~!, respectively. The annual water efficiency (WE)
of the given indoor farm regarding fresh mass as a reference would be 1.4 to 1.5 1 kg™

4. Discussion

4.1. Growth Characteristics and Achievable Yields

The yield of dried marjoram leaves is influenced by several parameters. For example, plant
densities increasing from 6.3 to 12.5 plants m~2 was reported to reduce the yield of dried marjoram
leaves by up to 50% [1]. After harvest, the stems of the marjoram plants are sorted out by vibrating
sieves, leaving the share of dried leaves and flower buds as marketable yield. Furthermore, marjoram
is commonly harvested two times in open field production during a short period of July to August,
depending on the weather conditions. According to marjoram production in Poland the yield of
dried leaves increases in the second harvest by 32-38% [2,3]. Based on this, the expected yield in
open field production varies between 46 and 120 g m~2 for the first cut and 70 and 170 g m~2 in the
second cut [2,3]. In open field productions in Germany a plant density of 30 plants m~2
common, leading to an expected annual yield of dried marjoram leaves in the range of 100-250 g
m~2 [4]. Similar annual yields of 99-232 g m~2 have been reported for open field grown marjoram

in Finland [25]. In contrast to the literature, a significantly higher plant density of 309 plants per
2

seem to be

m- was selected in our experiment on a preliminary experiment with marjoram inside a hydroponic
system. Our results in the indoor Farm indicated an achievable yield during one harvest in the range
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of 112-186 g m~2, independent of the LED-treatment, which is comparable to the total annual yield in
open field production. The extension of the cultivation period to 45 d in our experiment increased the
achievable yield from 18 to 33%. These results are lower compared to one study with marjoram, where
the yield at the harvest date, based on the developmental stage of full flowering, was significantly
increased by about 56% compared to plants harvested at bud stage [1]. Despite the higher density the
shoot length of 22.9-34.5 cm was comparable to those reported for open field production ranging from
18.8 to 42 cm [3,25]. While the literature for open field produced marjoram indicates a fresh weight of
36-67 g per plant and a leaf dry weight of 3-12 g per plant [1,3], plants in the indoor farm showed
a fresh weight of 3.8 g per plant and leaf dry weight of about 0.41 g per plant on average. It can be
assumed that a reduction in the plant density could lead to a further increase in the harvested yield
per m?. Blue light in the LED treatment W+B seemed to promote a more compact growth, which is
consistent with several studies reporting a suppression of stem elongation, leaf expansion and a shoot
weight reduction [26]. Since only dried leaf and flower buds are suitable for further marketing, a low
share of stems in the dried plant material is preferable. It was reported that the proportion of stems
range from 22 to 47% [2,27] compared to total dry weight, independently from the harvest time [2].
In the conducted experiment inside the indoor farm, the dried material showed a good quality with
a proportion of stems of 32 to 41% compared to total dry weight. The LED treatment W+B had a
noticeable influence on a lower contribution of stems of about 30%, whereas the marketable share
of leaf and flowers in the LED treatment B/R was significantly smaller and almost 40% accounted
for stems. Furthermore the drying ratio between fresh and dried plant material (FW:DW/y,1) was
slightly better for the LED treatment W+B with 5.8:1 compared to all other LED treatments, which
ranged from 6.3:1 to 6.5:1. These differences disappeared at a longer cultivation time, leading to
an average drying ratio of 5.6:1. For German open field production a drying ratio of 3.5-4.1:1 is
seemingly common [4]. Additionally, the flower development of the indoor grown marjoram plants
was noticeable shortened compared to an open field production. Open field produced marjoram is
exposed to varying temperatures, differing daily light integrals, and changing lengths in the available
growing season. Nevertheless, one study assumed that the total yield of marjoram plants was not
influenced by weather conditions with an average temperature of 16 °C, but solely by the time of
harvest, which is determined by the flowering stage [2]. However it was reported, that marjoram
produced in south Finland at an average temperature of 14.3 °C and a growing season of 136 d allowed
a second harvest in one out of four years, while a lower average temperatures of 11.5-12.9 °C and a
growing season of 101-111 d limited the marjoram production to one single cut [25]. In Germany
as well as Poland cultivation times for open field produced marjoram need about 90-117 d for the
first cut [1,4,28] and further 46-92 d for the second cut [2,3,28]. Furthermore, Tunisian marjoram
produced in 1 L pots were reported to take about 120 d to reach budding stage [7]. According to
this, our results showed that compared to an open field production the cultivation time in an indoor
farm at a mean temperature of 25 °C was noticeably reduced by a third up to one half, regardless
the outer climate conditions. Marjoram is native to Mediterranean regions of the world, indicating
a rather thermophilus habit, which seemed to benefit from a higher average temperature. For the
production of marjoram, the initiation of blossoming determines the harvest date and therefore the
total biomass accumulation. Since marjoram is a long-day plant, flower formation is highly depending
on photoperiod. One study using different day lengths of 10, 13, and 16 h determined a critical day
length of 13 h for the promotion of flower development, depending on the genotype [29]. The authors
concluded that a longer photoperiod can promote faster flower formation. This enhancing effect
is consistent to observations done on Origanum vulgare ssp. [30]. Depending on the LED treatment
first flowering was reached in the W+FR after 38 d while all other LED treatments took 45 d. For
Origanum vulgare ssp. a direct consequence of extended photoperiods and a shorter growth period
is a low biomass due to a rapid development [30]. Even though the growth period was significantly
reduced compared to open field production and the photoperiod increased to 20 h at the same time,
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the dried leave weight was similar to the expected yields of field produced marjoram due to the higher
plant density.

4.2. Essential oil Content and Composition

The essential oil content in dried raw plant material is one quality parameter for marjoram,
which is supposed to be used in industrial processes. It is known that the yield of essential oils in
plants is influenced by intrinsic (e.g., growth stages and variety) as well as extrinsic (e.g., cultivation,
weather, drying, and extraction methods) parameters [7]. In marjoram, a high ability to manipulate
the content of essential oil through the use of cultivation methods and a particular harvest date was
documented, even though reports within the literature are not consistent. For example, open field
produced marjoram showed a significant reduction in the average oil contents of about 23% for plants
collected during the second harvest [3], while another study reported a comparable oil content in both
harvests [28]. The authors assumed a favorable thermal effect by the higher average temperatures of
16.8 °C on the synthesis of marjoram oil. One the other hand, a simple relationship between the total
fresh weight of the marjoram plant and its oil content was demonstrated [10]. The authors supposed
that a higher temperature primarily influenced plant growth with an indirect effect on the accumulation
of essential oils. Based on this linearity the oil content might reflect primary the plant’s assimilatory
capacities [10]. In the present study a weak correlation between plant fresh weight and total dry
weight was present, but no linearity between fresh weight and oil content could be found (data not
shown). However, the average oil content of B/R and W+FR were similarly slightly increased after
the first harvest, which could be due to the higher photosynthetic activity of B/R, as ETRmax showed.
A significant increase in the essential oil content levels has been reported for progressive growth stages
of marjoram, resulting in the highest oil contents at a full flowering stage [1,7]. Similar results regarding
favorable oil contents as well as yield at full flowering stage have been reported for other Lamiaceae
like Mentha spicata L. [31], Melissa officinalis L. [32], or Rosmarinus officinalis L. [33]. Even though flower
formation of marjoram depends strongly on the photoperiod, no direct influence of the photoperiod
on the formation of essential oils could be found in a previous study [29]. Furthermore, plant density
was found to have no significant influence on the accumulation of essential oil [1]. In general, German
producers strive for an essential oil content in dried leaf material of 1 to 1.2%. Depending on the
variety, newer cultivars can reach up to 3% [4]. According to a study conducted in Finland the average
essential oil content for a total of six harvests was about 1.4% [25]. Several studies in Poland showed
oil contents of marjoram ranging from 1.6 to 2.4% [1,3,28]. Greenhouse produced marjoram using pots
obtained an essential oil level of 1.4% for an average temperature of 24 °C [34]. In the present study,
the essential oil contents achieved were similar to those reported in the literature, ranging at a level
of 1.4 to 1.7% for a cultivation time of 38 d. The dependency on the flower development stage was
also observed for all LED treatments expect W+FR. The assumption that the LED treatment W+FR
should have had the highest oil contents, since it was the only treatment to reach blossoming at the
time of harvest, was not confirmed. Instead, the oil content was comparable to the LED treatment
B/R. All other LED treatments showed on average about 18% fewer oil contents. A positive effect by
far-red as stated in the literature was not significantly noticed [35]. A longer growth period increased
oil contents for all LED treatments by 15 to 30% except W+FR, which decreased by 29%. The increase
is consistent to a study reporting an increase of 43% between the late vegetative stage and budding
stage, as well as 23% between budding stage and full flowering stage [7]. It should be noted that the
marjoram plants grown under the LED treatment W+FR showed an overall lighter appearance of the
leaf color. Furthermore, the instant light-response curve of W+FR indicated lower ETRmax values
compared to all other LED treatments, which may have influenced the significant reduction.

4.3. Ressource Use Efficiency

One of the main advantages of indoor vertical farming is the high efficiency regarding water
consumption, estimating a water use efficiency of up to 30 to 50 times higher than a greenhouse
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production [36]. According to one study comparing hydroponically grown lettuce with an open field
production, 13 times less water was needed [22]. There was no information given in the available
literature regarding water consumptions of marjoram production. In our experiment, the WUE was
between 41 to 48 ¢ DW 1-! H,0, depending on the overall yield of dried marjoram leaves. For lettuce a
WUE of about 4 g FW 17! H,O for open field, 50 g FW 17! H,O for hydroponic greenhouse, and up to
75 g FW 171 H,O for an indoor farm was reported [14,22]. Furthermore, WUE of Ocimum basilicum L.
reached 3 g FW 17! H,O for an open field production in Turkey [37], compared to 20 to 22 g FW 17!
HO in an Italian greenhouse [38] and up to 45 g FW 171 H,O for an indoor farm [19]. Another study
on Brassica rapa ssp. noted a WUE of 29 ¢ FW 1! H,O for a greenhouse production compared to 357 g
FW 17! H,O in an indoor farm with higher air exchange to the outside and 833 g FW 1-! H,O for a
highly isolated climate chamber, recovering all transpired water [39]. Based on our results, an annual
WE of 1.4 to 1.51kg™! was calculated, indicating a high potential regarding water saving for marjoram
grown in an indoor farm, compared to conventional production methods.

Furthermore, indoor vertical farming shows due to the multi-layer system a high potential
regarding the land surface use efficiency (SUE). One model assumed this potential to be in a range of
10 to 100 times higher compared to conventional methods using a single cultivation level like open field
production or the majority of greenhouse productions [22]. In our study the achievable annual yield of
dried leaves per unit (m?) cultivation area was up to five times higher in the indoor farm, resulting
in an annual yield of 1.4 to 1.6 kg m™2 a~! compared to conventional open field production. Due to
the multilayer systems used in an indoor vertical farm, one square meter floor area corresponds to a
randomly selectable amount of cultivation area. Depending on the number of levels, the achievable
yield increases considerably. Therefore, at four levels, which remains low compared to existing indoor
Farms like SPREAD in Japan or Aero Farm in the USA, an increase in the annual achievable yield
by 21 times higher compared to an open field production seems feasible. As an example, this would
lead to a calculated total annual yield of up to 6 kg m~2 a~!. Since the oil content is based on leave
dry weight, a comparable higher ratio of annual oil yields per floor area using an indoor farm with a
multi-layer system can be assumed. While compared to an open field production similar oil contents
were obtained, the surface use efficiency leads to an achievable total yield of essential oils of 23 mL
m~2 a~! regarding one floor area. Assuming an indoor farm with four levels, the total annual yield of
essential oil would increase four times to 91 mL m~2 a~! based on the cultivation area.

However, one of the most discussed disadvantages of an indoor farm remains the high amount
of electrical energy needed to run the system, especially since the artificial lighting takes the highest
shares. In our experiment an annual electrical energy efficiency (EEF) of 71 to 75 kWh kg™! was
calculated. Based on existing experience with the annual energy consumption of the indoor farm
used, an overestimation of the presented EEF can be assumed, leading to a lower EEF by the use of
proper isolation or other suitable actions like favorable light strategies. The ultimate energy efficiency
of an indoor farm is determined by the photon efficiency of LEDs used, as well as the ability of the
plants to convert light energy into dry matter [19]. The highest efficiency to use light energy was
obtained in the LED treatment W. Compared to LED treatment B/R the efficiency was increased in W
by 20%. According to the LED specifications, the calculated daily electrical energy consumption of B/R
was slightly higher compared to the other LEDs used. However, the comparable LUE of B/R to the
LED treatments W+B and W+FR suspects a more efficient biomass accumulation. In fact, the relative
growth rate of B/R is similar to W and significantly higher to all other LED treatments. Photosynthesis
enhances plant growth and dry matter accumulation. According to this effect, and in comparison,
with the other LED treatments, the higher ETR,« values recorded for B/R support a more efficient
biomass accumulation. Nevertheless, there was no significant differences in any LED treatment after
45 d, due to the high relative growth rate in the LED treatments W+B and W+FR.
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4.4. Application

Our results indicate a good transferability and integration into existing industrial processes due
to the high level of interest. Especially based on the quality-influencing factors soil, climate, pathogens,
and plant specific requirements like self-incompatibility, production in an indoor farm proves to be
advantageous. Furthermore, there is a high possibility of guaranteeing a homogeneous and precisely
predictable quantity and quality of the plant-based products all year round. In addition, just-in-time
production, which is often necessary for an integration into complex international supply chains of
industrial processes, is made easier. A local production in indoor vertical farms offers a new flexibility
to respond to market chances, crisis, or innovation motivated chances. Especially since delivery dates
can be individually adjusted in terms of time by growing in smaller sets. This also reduces transport and
storage times as well as packaging, which makes it easier to maintain the quality level of the vegetable
raw material beyond the drying stage. Based on the high efficiency of land use and the resulting
yields of dry matter and oil content, a transferability to other secondary metabolites can be assumed,
which would further increase economically aspects. Even though electrical energy consumption has a
still major impact on economical profitability of indoor farming, the use of renewable energy sources
will give new opportunities. Especially as soon as a holistic view of existing material flows beyond
the limits of plant production is also considered in order to include further product circles like fish,
insects, or algae as well as surrounding material flows from urban regions [40]. According to this,
the disadvantage in the area of electrical energy contrasts at present with an advantage in the area of
water efficiency.

5. Conclusions

Marjoram production in an indoor farm shows high potential due to comparable yields of leaf dry
weight and oil contents per cultivation area. However, due to the multi-layer system and a noticeable
lowered growth period, the indoor farm achieves a significantly higher area efficiency compared to the
open field. A high energy consumption was noted, indicating the need for renewable energy sources.
The majority of the examined parameters on growth and dry matter yield indicated good results in
the LED treatments B/R and W. There was no significant influence on the oil content for any LED
treatments noted. However, in relation to the light use efficiency, a higher average efficiency in the
LED treatment W became evident, especially for shorter cultivation periods. It should be additionally
noted, that in practice, working under light that appears white to the eye is considerably more pleasant
and enables the recognition of plant damage. This should be taken into account as long as there is no
fully automated system available, making human interventions unnecessary within the cultivation
room. Further investigations should deal with the optimization of the chosen culture parameters
like photoperiod, temperature, the use of specific spectra like UV radiation and different stressors to
enhance oil content and yield.
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