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Abstract. New lighting technologies that significantly reduibe energy consumption are
in the centre of interest of greenhouse crop predudn this study, the effect of several
LED lights with various spectral composition anghipressure sodium lamp (HPS), as
supplemental to solar radiation, on growth anddyiej of lamb’s lettuce ‘Nordhollandse’
was tested (in two autumn cultivations). At harvése, the highest leaf length and area,
fresh weight of rosettes and soluble sugars conten¢ obtained under LED lamps that
emitted 90% red and 10% blue light. The spectradmmsition of each kind of LED lamp
increased the ascorbic acid content compared to (8% red + 30% blue LED light to
the highest extent). Using of LEDs with red andebiliodes reduced the consumption of
electricity forV. locusta lighting about 36% to 55% in comparison to HPSe Tighest
total costs of lamb’s lettuce cultivation was shawrer white LEDs.

Key words: LED light, lamb’s lettuce, growth, yield, energgnsumption

INTRODUCTION

Light intensity and spectral properties strongfigef the growth and development of
plants. The shortage of sunlight in autumn andeviat northern latitudes results in the
need for artificial lighting of plants in greenhegs Rising energy costs and concern for
the environment contribute to an intensive seanctakernative light sources that could
replace high-pressure sodium lamps (HPS), commasid in greenhouses. Energy
inputs (heating and lighting) range from 10 to 3@%total production costs for the
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greenhouse industry [Mitchell et al. 2012]. Newhligg technologies that significantly
reduce consumption of electricity for crop lightirge of interest to crop growers
[Klamkowski et al. 2014]. SSL LED technology (Solgiate Lighting Light Emitting
Diodes) is becoming a very promising light soutoeing gradually introduced in horti-
culture ‘under glass’ [Olle and Virgi2013, Randall and Lopez 2014]. In recent years,
semiconductor light sources (light-emitting diodeED) have become more popular in
practical lighting solutions. The main advantagehis solution over the other artificial
light sources is the possibility to easily optimthe spectrum of LED modules. The use
of LEDs allows for build lighting modules of anyespral characteristics, which can be
adjusted to the needs of any cultivated specieserCidvantages of using LEDs are:
small size of a single light source, high durapiind reliability, minimal heat emission
[Massa et al. 2008, Mitchell et al. 2012]. The karthat limits the widespread use of
LED lamps in horticultural production is high maaafuring cost of SSL LED systems.
In the literature, the possibilities of supplementaED lighting for the plants during
winter and early spring are rarely described, &eg mostly concern the use of selected
light colour e.qg.: blue, red or far red [Heo et2011, Randall and Lopez 2014].

To enhance the photosynthesis productivity of glatite most effective proves to be
the mixed red (600—700 nm) and blue (400-500 ngfit livith a predominance of red
[Hogewoning et al. 2010, Wang et al. 2016]. Mored¥rese ranges of light spectra are
responsible for initiating the synthesis of manypounds beneficial for human health.
Recently, numerous research have evaluated theteffé various LED light spectra on
phytochemicals in vegetable, such as ascorbic seidble proteins, soluble sugars, carot-
enoids or phenolic compounds [Bian et al. 2015s#azak et al. 2015]. Despite of a large
amount of such works still very little of them ceng the economic aspects of the applied
LED lighting. For example Fan et al. [2013] presenthe energy efficiency parameter
(g fresh weight of plant per 1 KW) in study withrieais LED light intensity in young
tomato growing.

Valerianella locusta (lamb’s lettuce) chosen as a model in this resemrehready-
to-eat green salad whose fresh consumption hdg iateeased. Owing to the high pro-
healthy value (ascorbic acid, folic acid, phena@mpounds or omega-3 fatty acids)
and taste qualities this plant is particularly ddie during months of limited accessibil-
ity to fresh leafy vegetables [Dlugosz-Grochowskale 2016].The aim of our study
was to produce lamb's lettuce of high yield anditiombal value for the harvest in De-
cember, as a result of lighting with red and bliDLlight in various ratios, and also
with two kinds of white LED light, implemented asipplemental to solar light.
Our hypothesis assumed that LED lamps of propdst kgpectrum might replace HPS
ones. Verification of this hypothesis was basednoamitoring of plant growth, chemical
composition of the yield and calculating the enecggpsumption and total costs of cul-
tivation.

MATERIAL AND METHODS

The study was conducted in two autumn seasongyieenhouse (50°03'N, 19°57'E)
at the Agricultural University in Krakow, Polandainb’s lettuceValerianella locusta L.)
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cv. ‘Nordhollandse’ (Floraland Distribution Sp. zog Niepoet, Poland) seeds were
placed in cells of 24-trays plastic vessels (ttseeds per tray 7 x 8 x 8 cm) containing
peat substrate (Klasmann KTS-2) chQctober 2012 and 2013. Amounts of nutrients
were as followed (mg't, mean for two years): N 343, P 172, K 592, Ca714g 177,

S 538, B 0.57, Cu 0.21, Fe 3.78, Mn 3.23, Zn 0p1;was 5.56 (KHO) and EC
0.96 mS. Plants were grown at density of 450 resgier . After seeds germinating,
supplementary lighting was implemented to prololng fength of the day to 16 hour
(turning on the lamps — 18 Oct 2012 and 10 Oct 2@1® lasted until harvest time
(16 Dec 2012 and 9 Dec 2013). The average growtHittons were 17.5 +2°C, 60 +5%
RH and 358 J cthd™” of natural solar radiation (date measured and sayedmputer-con-
trolled system, Netafim Comp.). G@oncentration during vegetation was 360—400 ppm
(additional enrichment not applied).

The modern technology of SSL LED, suitable forrilinate plants in greenhouse,
allowed for fully automatic control of the lightingrocess. Technical details of this
system and spectral characteristics of all used l#Bips were described by Grzesiak et
al. [2014]. The lamps of nominal power 100 W (108 x 7 cm, included 48 OSRAM
OSLON diodes 1-3 W each) were divided into 6 growfik 4 lamps each differing in
the applied LED diodes and consequently the spegtoperties of the emitted light.
First four groups of lamps emitted red (660 nm) &hae (440 nm) light in various
shares: 1) 100% red (100R); 2) 70% red and 30%-blt@R/30B; 3) 50% red and 50%
blue — 50R/50B; 4) 90% red and 10% blue — 90R/I0R: fifth group included white
diodes of the colour temperature 3.500 K (WN — a/mieutral) and the sixth one had
two sets of white diodes of the colour temperatwZ00 and 5.500 K (WD — white
dynamic). The seventh light treatment was a higisgure sodium lamp (HPS, 600 W,
SON-Agro, Philips) as a control. Photosynthetic tphoflux density (PPFD) reaching
the plants directly under the lamps was approx |20@| m? s (the distance between
plants and lamps was as follow: 57 cm — 100R, 66-cr®R/30B, 59 cm — 50R/50R,
59 cm — 90R/10B, 37 cm — WN, 45 cm — WD, 115 cmRStHHmeasurements and regu-
lation using an LI-250A Light Meter and LI-190 Quam Sensor — LI-COR, Lincoln,
Nebrasca USA) and these plants were used to thettgiand chemical analyses. To the
calculation of energy consumption, the plants réngi 160 +40 pmol M s* PPFD in
each light treatment were included (in this ranfBRFD there was no difference in the
size of rosettes at harvest time). Each LED lighatment consisted of four diodes-
lamps and the control treatment of one high pressadium lamp.

Growth parameters (leaf length, width and areapweeasured after 30 and 60 days
of supplemental lighting in ten replications eackasurement. Leaf and subsoil temper-
ature was measured using infrared thermographicemThermaCAM e300; FLIR;
Focal Plane Array detector; 320 x 240 pixels unedahicrobolometer; 24° x 18° the
field of view) in 10 replications each measuremdimissivity of leaves = 0.98 was
adopted in accordand® Lopez [2012]. Thermograms (thermal images) of ésalvave
been analyzed with the use of QuickReport 1.2 aegoRer 2000 Pro software.
At harvest time (about 60 days of irradiation), rb8ettes of lamb’s lettuce were ran-
domly collected from each replication (40 roseties each light treatment). Results of
yielding were presented as a weight of one rodettg calculated as a mean of four
replications.
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Chemical analyses were conducted immediately aftevesting (60 days of light-
ing) and performed in four laboratory replicatiodsscorbic acid (AA) content was
determined in the homogenized fresh plant matedabrding to the Polish Committee
for Standardization [1988] with the use of Tillmamsethod (sample of 10 g fresh
weight was homogenized with 2% oxalic acid andatétd with 0.2 mg cif wiv
2,6-dichlorophenolindoophenol sodium salt). Solutlgars (reducing and non-reducing)
were evaluated using the anthrone colorimetric oetfyemm and Wills 1954] and
measured on HITACHI U2900 spectrophotometer atr§@5The calculation was based
on the glucose standard curve. Dry matter conterst @stimated by drying samples at
105°C to determine the constant weight.

To the cost calculation, we took into account thiéofving items: (1) plant material
costs (seeds, peat substrate, plastic vessels; e@isumption, plants protection); (2)
salary costs with charges; (3) greenhouse heatists din analyzes were included:
inside and outside temperatures, thermal transmeigtagreenhouse’s wall thickness,
heat energy from lamps) and (4) supplementary ifightosts included real energy
consumption and cost of 1 kWh (1 kWh = 3.60 PLR.9 EUR). The number of irradi-
ation hours was 418 and 402 in autumn 2012 and,2@%Bectively. The measurements
of active power consumption by LED lamps and HRE®haithe ND20 electricity meter
manufactured by LUMEL Ltd were conducted.

Statistical analyses were performed using STATISTRCand the differences be-
tween light treatments obtained for two year stugye evaluated using Fisher's LSD
test at p< 0.05. In tables and figures means for two yeats e significant differ-
ences between light treatments were presented.

RESULTS

According to the Table 1, after 30 days of suppletaelighting the density of
leaves in lamb’s lettuce rosettes was the highéstwgrown under solely red LED, red
and blue LED light in a ratio of 9:1 and under sodilamp. However, at harvest, after
60 days, there were no differences in the numbdeafes in rosette between plants
cultivated with the use of all red + blue LEDs a#BS lamps. The slowest growth of
lamb’s lettuce’s rosettes was observed under Vit light. Length, width and area of
lamb’s lettuce leaves reached high values bottr &feand 60 days of supplemental
lighting under 90R/10B LEDs (tabs 1 and 2). Stagdtanalysis showed that at harvest
time (60" day) in this treatment the leaves had the higleesfth and area. The smallest
width of the leaves was noted in case of plantsvgrander white neutral LEDs (WN)
in the middle of plants cultivation (3aiay).

The temperature of leaves under sodium lamp was @ve Celsius degree higher
than the temperature of other leaves (tab. 2). Wewehe difference in the temperature
of leaves after 30 days was statistically significketween plants under HPS and LED
light. After 60 days, the significant differences leaf temperature between HPS and
LED lamps containing blue diodes were shown. Teperature of subsoil measured
after 30 days of irradiation in HPS treatment wighér than in LEDs. Because of very
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large variation of subsoil temperature, there werestatistically significant differences
in these temperatures at harvest time (60 dayghttirig).

Table 1. Growth parameters of lamb’s lettuce leaftey 30 and 60 days of supplemental lighting
(means for 2012—-2013). Light treatments: 100% rE® I(100R); 70% red + 30% blue
LED (70R/30B); 50% red + 50% blue LED (50R/50B); 90% re 10% blue LED
(90R/10B); white neutral LED (WN); white dynamic LEWD); 7 — high pressure so-
dium lamp (HPS)

Light treatment Number of leaves in rosette Leafjth (mm) Leaf width (mm)

30 60 30 60 30 60
100R 10.2 ab* 18.0a 113.6 ab 138.2b 26.2 ab 1209
70R/30B 9.4 bc 17.2 ab 112.8 ab 1413 b 27.0ab 0 &t.
50R/50B 9.5 be 16.8 ab 104.5 bc 1423 b 27.2ab 2a&3.
90R/10B 109a 18.0a 1175a 165.2 a 28.3a 84.6
WN 9.2c 16.6 b 103.2 be 1399b 19.2¢ 27.2d
WD 89c 16.0b 97.7c 1404 b 24.8b 26.8d
HPS 109a 18.1a 97.9c 136.8b 26.5 ab 29.3 cd

* — means within column followed by the same letigg not significantly different at £ 0.05 according to
Fisher's test; n = 20

Table 2. Leaf area, temperature of leaf and sulad@t 30 and 60 days of supplemental lighting
(means for 2012—-2013). Light treatments: see Table

Light treatment Area of leaf (nfin Leaf temperature (°C) Subsoil temperature (°C)
30 60 30 60 30 60
100R 1514.8 ab* 2051.7 cd 19.3b 20.6 ab 18.3b 9.34a
70R/30B 1521.4 ab 2197.2 bc 195b 20.3b 18.2b 948
50R/50B 1416.5 a-c 23739b 189b 20.4b 18.0b 948
90R/10B 1668.6 a 2853.0 a 19.1b 20.0b 18.0b 48.5
WN 1007.4 d 1897.1 cd 19.4b 216 ab 18.3b 19.8a
WD 1218.8 cd 1873.0d 19.2b 20.8 ab 179b 18.6a
HPS 1300.5 bc 2014.6 cd 213 a 229a 19.3a 20.5

* — means within column followed by the same letigg not significantly different at £ 0.05 according to
Fisher’s test; n = 20

As shown in Figure 1 A, supplemental lighting witbR/30B LED light contributed
to obtain the highest level of ascorbic acid (AAntent in lamb’s lettuce leaves
(25.3 mg AA 100 g fresh weight). This level was about 40% highecamparison to
control rosettes (15.4 mg AA 100 gresh weight). It is worth noting, that irrespeetly
of spectrum, LED light significantly increased AfArncentrations when confront the
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sodium light. Greater share of red in light spettistimulated soluble sugars accumula-
tion (fig. 1 B), and the most effective was the taie of 90% red with 10% blue LED
light. Supplemental lighting with white (WN, WD) drbOR/50B LEDs decreased solu-
ble sugars content compared to the control treatnfidny matter content ranged from
6.7 to 7.4% (fig. 1 C) and was the highest as altres lighting with white cool LED
(WN), HPS as well as 9:1 and 7:1 red to blue LE§htli The supplemental 100R and
50R/50B irradiation decreased accumulation of dayten content in lamb’s lettuce.

Table 3. Lamb’s lettuce yield and energy consunmptio various light treatments (means for
2012-2013, 410 hours of supplemental irradiatiEmergy consumption was calculated
for four LED lamps and one HPEight treatments: see Table 1

Number Energy

Fresh Energy Number of kilo- ) Energy
. ) of plants ) consumptiot A
Light weight ) consumption watt-hours used consumption per
received 160 + ) ) o per o
treatment  of one , ., (active power during cultivation 100 g of rosettes
rosette (g) 10 MmO TS in W) (kWh) rosette (kWh)
9 pprp (kWh)
100R 7.269 b* 287.0 342.8 140.5 0.489 6.727
70R/30B 8.029 a 347.5 342.8 140.5 0.404 5.032
50R/50B 6.910 b 274.3 278.4 113.8 0.415 6.006
90R/10B 8.176 a 2915 278.4 113.8 0.390 4.770
WN 5419 ¢ 193.7 441.2 180.6 0.932 17.199
WD 5.218 ¢ 2214 441.2 180.6 0.816 15.638
HPS 7.328 b 342.3 648.0 265.3 0.775 10.576

* — means within column followed by the same letigg not significantly different at £ 0.05 according to
Fisher's test; n = 8

Table 4. Costs calculation of lamb’s lettuce culiiwa per 100 g of rosettes in PLN (means for
2012-2013). Particular items used in calculatirgadbsts are presented in Material and
Methods. Light treatments: see Table 1

Light Plant material Salary costs with Heating Lighting Total
treatment costs charges costs costs costs
100R 1.77 0.29 3.23 1.91 7.20
70R/30B 1.58 0.26 2.91 1.42 6.17
50R/50B 1.95 0.32 3.51 1.79 7.57
90R/10B 1.55 0.25 2.86 1.34 5.99
WN 2.36 0.38 4.33 4.87 11.94
WD 2.61 0.43 4.69 4.71 12.44
HPS 1.96 0.32 2.14 3.36 7.78
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Fig. 1. Ascorbic acid (A), soluble sugars (B) anyg dratter (C) content iV. locusta rosettes as
an effect of 60 days supplemental lighting withO%®red LED (100R), 70% red + 30%
blue LED (70R/30B), 50% red + 50% blue LED (50R/50B)%®red + 10% blue LED
(90R/10B), white neutral LED (WN), white dynamic LE®/D), and high pressure sodi-
um lamp (HPS). Means for two years, n =8
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LED light of red and blue mixture in 9:1 and 7:3@a had a positively effect on the
yield of V. locusta (tab. 3). In these light treatments fresh weightasettes was the
highest (about 11 and 9% higher compared to copteoits, respectively). Values ob-
tained under HPS, solely red LED light and red viibhe in 1:1 ratio were not signifi-
cantly different. The lowest yield was gained assult of irradiation with white LEDs
irrespectively of diodes’ colour temperature. Moreg under white LED lamps the
smallest number of plants received the PPFD of #40 pumol n? s*. This PPFD
reached the largest number of plants cultivatedeu®R/30B and HPS treatments.
The lowest energy consumption was measured ingbe of LED lamps which emitted
red and blue light in ratios 1:1 and 9:1 (278.4 ¥ light treatment, i.e. 69.6 W of ac-
tive power per one lamp). The highest one was shéwnHPS lamp (648 W).
This resulted in the smallest and the greatest eurabkilowatt-hours used in lamb’s
lettuce cultivation in these treatments: 113.8 k\@OR/50B and 90R/10B), and
265.3 kWh for HPS, respectively. Energy consumptiaftulated per one rosette was
the lowest under LED lamps which emitted red anct bight in ratio 9:1. The obtained
value was about 50% lower compared to control ghdr$8% in comparison to white
LED, dynamic and neutral, respectively. In finalccdation, energy consumption for
100 g of rosettes was evidently lower in the caseED lamps emitted red and blue
light in various ratios in comparison to HPS andtevhEDs using.

The main differences in analyzed costs (plant naiesalaries, heating and light-
ing) depend on lamb’s lettuce yield (tab. 4). Thghbst costs were for the plants under
white LEDs, and the lowest were for 90R/10B and /B0B (excluding heating costs).
For cultivation under HPS, only the heating costsemhe lowest. Lighting costs for
90R/10B and 70R/30B were about two times lower tH&S, and approx three times
lower compared to white LEDs. Finally, total cu#ttion cost per 100 g of rosettes was
the lowest in 90R/10B treatment (5.99 PLN).

DISCUSSION

The differences in the growth and chemical compwsiof the yield ofV. locusta
were connected with the differences in the specwaiposition of light. Some authors
obtained the highest fresh weight of young lettasean effect of red + blue (1:1) or
blue LEDs lighting in comparison to the red onekpkmn et al. 2010]. In contrary, in the
case of Chinese cabbage, the most positive eftéc60% red LED light in enhancing
the biomass of seedlings was shown [Li et al. 20kPpur experiment, LED lighting
was supplemental to natural radiation in the whateb’s lettuce growing. Increasing
the share of blue light up to 10% resulted in tlghést leaf length and area as well as
fresh weight of rosette compared to other treatmentis participation of blue light is
most similar to natural sunlight (18% blue) whatlcbbe the reason of such plants’
response. Interestingly, in winter cultivation 9f locusta we demonstrated similar
results in the case of yielding [Wojciechowska kt2815]. Red light stimulates leaf
blades development via phytochrome photorecepliaiz [and Zeiger 2015]. In present
study this effect was evidently observed in thentef 30 days of lighting when LED
lamps with red diodes were used. Taking into actdhe size of rosettes and sugars
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accumulation, our results showed indirectly thatlibht in the ratio of 9:1 (red to blue)
effectively enhance capacity of photosynthetic agipes of lamb’s lettuce leaves. Some
authors found the influence of similar light spaatrbeneficial to net photosynthesis in
wheat [Goins et al. 1997] or carbohydrates accutindn radish [Samuoliene et al.
2011]. Light, influencing the photosynthesis andas production, affect the synthesis
and accumulation of ascorbic acid. Many complexcesses regulated by light, which
are not fully recognized as yet, are connected wiiktabolism of this compound
[Osashi-Kaneko et al. 2007]. Ascorbic acid contiapiends on the share of blue light in
the spectrum that reaches the plants [Osashi-Kaeeékal. 2007]. Li et al. [2012]
showed beneficial effect of blue LED light on thencentration of vitamin C in non-
heading Chinese cabbage. In our study, the us@®@afhd 90% red LED light resulted
in the lower ascorbic acid contentVhlocusta in comparison to other LED treatments
with more blue light. Wang et al. (2016) showed thizoot dry weight of lettuce (also
the leaf area and leaf number) increased with theeasing of red to blue LED light
ratio. In this study such dependence did not apfzgrmatter content varied in lamb’s
lettuce leaves but not proportionally to the shafreed or blue light used to supple-
mental irradiation.

The largest surface of 160 +40 umof s* PPFD was characterized by 70R/30B
and HPS treatments, therefore the adequate phansitd reached to more plants.
However, the yield and energy consumption by lanmpgarticular light treatments
resulted finally in energy consumption per 100 eslfr weight of rosettes. The achieve-
ment of our research was demonstrating that thetplander LEDs with red + blue
diodes consumed from 36% (90R/10B) to 55% (100B3 knergy than under sodium
lamp. These results confirm that LEDs sources radyce the consumption of electrici-
ty for crop lighting [Klamkowski et al. 2014]. Hower, these effects depend on spectral
composition and the proper construction of LED lamPpome of results revealed that
heat costs (lightening and heating) in horticultpreduction under covers account for
nearly 60% of all production costs [Rutkowski 200@Lr results showed that in exper-
imental conditions this costs exceed even 70%. fighest share of heat cost in the
total value was calculated for white LED light ti@&nt. The cost of production was
determined mostly by heating cost. In the costyaigit is important also to include the
investment cost of light treatment. There are caaipge economic analyzes of tradi-
tional vs. LED lighting, that show reduction of theoduction cost of vegetables in the
long-run (several years) introducing of LEDs [Singthal. 2015]. It is related to the
LEDs high energy efficiency, low maintenance cout ongevity. However, prices of
LED lighting systems are still high to achieve cefectiveness and economic viability
of greenhouse crop production.

CONCLUSIONS

Based on monitoring o¥. locusta growth and chemical composition of the yield
and on calculating the energy consumption, the tesstlts were achieved under LED
lamps that emitted 90% red + 10% blue and 70% re&80% blue light. Only white
LEDs, irrespectively of colour temperature, resilite worse effects compared to HPS.
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WPLYW DOSWIETLANIA UZUPELNIAJ ACEGO LAMPAMI LED
NA PAMETRY WZROSTOWE | JAKO SCIOWE Valerianellalocusta L.
ORAZ ASPEKTY EKONOMICZNE UPRAWY W CYKLU JESIE NNYM

Streszczenie W centrum zainteresowania producentow szklarniowyphaw ogrodni-
czych g nowe technologie dwietlania ralin, ktére zmniejszylyby koszty zycia ener-
gii. W prezentowanym dwiadczeniu badano wptyw dwietlania (uzupetniacego
Swiatto naturalne) lampami LED o #dym skfadzie spektralnym oraz wysokepry lam-
pa sodows (HPS) na wzrost i plonowanie roszponki warzywmgprdhollandse’ w dwoch
sezonach jesiennych. W terminie zbioru, nelgsiz dtugas¢ i powierzchng lisci, swieza
mag rozet oraz zawarg6 cukrow rozpuszczalnych wstiiach uzyskano pod lampami
LED emitugcymi $wiatlo czerwone i niebieskie w udziale 90 i 10%ia8kspektralny
kazdego rodzaju lampy LED wplywat na zkszenie zawart@i kwasu askorbinowego
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w poréwnaniu z HPS (w najekszym stopniu 70%wiatta czerwonego + 30% niebie-
skiego). Wykorzystanie lamp LED z diodami czerwomyimiebieskimi zmniejszyto

koszty zuycia energii od 36 do 55% w poréwnaniu z HPS. Ngjeze koszty catkowite

uprawy roszponki wykazano pod lampami LED enaityjni $wiatto biate.

Stowa kluczowe:swiatto LED, roszponka warzywna, wzrost, plonzyaie energii
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