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Summary

A confined closed greenhouse (CGH) was applied to save energy and
to investigate how tomatoes respond to specific microclimatic conditions. As such, new dynamic set-points for precise climate control
were used in the CGH compared to those applied in a conventional
greenhouse. Based on the reduced ventilation frequency in the CGH,
the results showed that higher levels of mean temperature, CO2
concentration and relative humidity were achieved. Although the
light interception was increased in the CGH, these changing microclimatic conditions resulted in higher rates of photosynthesis and an
associated faster crop growth. This means that the mean plant height
was increased by 1.5 m, which was the decisive factor to increase
the total yield by 21.4 % in relation to that produced in the conventional greenhouse. The new microclimatic environment caused by
the CGH promoted the accumulation of primary and secondary plant
compounds in tomatoes such as soluble solids (by 9 %), lycopene (by
22 %), ß-carotene (by 21 %), phenolics (by 8 %) and L-ascorbic acid
(by 26 %) compared to conventional produced tomatoes. Compared
to existing greenhouse systems, the results suggested that a CGH
can be used to produce tomatoes in a sustainable way, where the
water use and the energy use efficiency can be improved by 71 % and
43 %, respectively.

Introduction

Generally, greenhouses have been developed to protect crops from
phytosanitary problems and to extend the harvest season in order
to provide the growing population with food (UNFPA, 2011). Additionally, these technical systems should also be used to produce
food with a high quality standard, because the demand for improved
quality of fruit and vegetable is increasing among consumers. One
of the reasons for this amplified health awareness in society is the
apparent relationship between the intake of horticultural products
and numerous health benefits for consumers. These positive effects
are attributed to different secondary plant compounds with antioxidant properties especially phenolic compounds, L-ascorbic acid
and carotenoids, which can detoxify reactive oxygen species in the
human body (Bazzano et al., 2002). This process is believed to be
responsible for the suppression of the occurrence of chronic diseases, e.g., human prostate cancer and gastric cancer (Carr and Frei,
1999; Kotake-Nara et al., 2001). However, these high customer
and market demands are overshadowed by the future production
conditions in greenhouses. Among other things, the production processes in terms of fruit and vegetables require high amounts of energy for heating and freshwater for irrigation, where these traded
goods are the most cost-intensive resources in greenhouse production due to the increase in fossil fuel and freshwater prices (Ozkan
et al., 2007; Rout et al., 2008). This pricing policy is mainly based
on the worldwide shortage of fossil fuels and freshwater resources
(Vörösmarty et al., 2000; Shafiee and Topal, 2009).
Based on these facts, scientists invested much effort into the development of agronomic approaches for using renewable energies and
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new irrigation strategies, in order to reduce the consumption of fossil
fuels and freshwater for greenhouse production. Amongst others, the
solar energy is becoming used more and more for process energy
in greenhouses, which can be collected in closed and semi-closed
greenhouses using cold water from soil layers or rain water tanks,
respectively (De Gelder et al., 2012; Dannehl et al., 2013b). After
absorbing the excess heat using cooling fin heat exchangers installed
under the roof in these greenhouses, the heat energy is stored in the
aquifer or in rain water tanks used as short-term energy storage systems and can be reused in cooler periods by means of a heat pump
(Bot, 2001; Dannehl et al., 2013b). This process results in decreasing levels of temperature and is accompanied by the dehumidification
in greenhouses caused by condensation on the cooling fins (Campen
and Bot, 2002). Although the energy use efficiency (EUE) and the
water use efficiency (WUE) can be improved using these new technologies, high amounts of energy is needed for the heat pump to
collect the sensible heat and latent energy in greenhouses (Dannehl
et al., 2013b; Dannehl et al., 2014). This applies in particular to
cooling processes if the heat stored in the short-term storage tank
exceeds a temperature of 35 °C in the summer period.
In consideration of the cultivation period of tomatoes, it may be
more effective to apply a combination of closed and semi-closed
greenhouse systems including a heat pump in late winter, spring, late
summer and autumn until the short-term storage tank is charged with
heat. Thereby, it is assumed that the greenhouse can be cooled and
the required energy for the basic load for heating up the greenhouse
can be covered during the year. During summer, however, a fog
system combined with a semi-closed operation mode named descending fog system (DescFog), which is operating without a heat
pump, should be used for cooling processes (Dannehl et al., 2012).
This combination of operation modes was applied in the present
study and is referred to as confined closed greenhouse (CGH).
Due to the new set-point strategies for cooling, heating, ventilation
opening and CO2-enrichment in the CGH, the microclimatic conditions can change in this system. In particular, it is expected that
the average levels of temperature, relative humidity (RH) and CO2concentration will be increased as compared to a conventionally
operating greenhouse. Furthermore, Dannehl et al. (2013b) found a
light reduction by 11 % in the closed greenhouse, which was induced
by the construction parts such as cooling fins under the roof. These
mentioned conditions may cause stress in plants. It is well known
that high temperatures and a reduced supply of RH, solar radiation
or of CO2 levels could have adverse effects on tomato plants, e.g., on
photosynthesis, transpiration, fruit yield and secondary plant compounds with antioxidant properties (Dumas et al., 2003; Camejo
et al., 2005; Van Der Ploeg and Heuvelink, 2005; Patane, 2011;
Kläring and Krumbein, 2013). However, there is little information
available regarding changes in plant growth, yield and secondary
metabolites of tomatoes depending on a combination of higher temperatures, relative humidity and CO2 concentrations during the cultivation period of tomatoes. Thus, this study focussed on the effects
of changing microclimatic conditions in a CGH on photosynthesis,
transpiration, vegetative plant growth, fruit yield, carotenoids, phenolic compounds and L-ascorbic acid of tomatoes. Furthermore, a
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sensory analysis regarding the internal fruit quality was conducted to
test the influenced by the CGH on quality parameters such as juiciness, fruitiness and sweetness. Moreover, the effect of the CGH on
the water consumption (WC), WUE and EUE was investigated, in
order to estimate if plants can be produced in a sustainable way with
such a greenhouse facility.

Materials and methods

Experimental set-up
The experiments were conducted in two different N-S oriented
Venlo-type glasshouses at the Humboldt-Universität zu Berlin. One
greenhouse, operated by a conventional microclimatic control strategy as used in practice (RGH) was compared with a CGH controlled system. Tab. 1 shows the structural differences between both
greenhouses, which were described in more detail by Dannehl
et al. (2013b). In both greenhouses the energy screens were closed
Tab. 1: Greenhouse characteristics as a function of the confined closed
greenhouse (CGH) and the reference greenhouse (RGH)
Greenhouse construction

RGH

CGH

Gross acreage [m2]

307

307

Greenhouse height [m]

6.7

6.7

Glazing roof
		

Single glass panes
(4 mm)

Single glass panes
(4 mm)

Glazing side walls
		

Double glass panes
(16 mm)

Double glass panes
(16 mm)

Energy screens (roof)

1

2

Energy screens (side walls)

No

1

Finned tube heat exchangers

No

16 (each 21.4 m)

Reversible heat pump
No
		

1 (120 kW HP[†];
100 kW CP[††])

High pressure fog system
No
			

28 fog nozzles
(150 bar)

Floor level heating

Yes

Yes

Tubular film blowers

No

Yes

Vegetation heating

No

Yes

HP[†] and CP[††] means heating power and cooling power, respectively.

at a global radiation of less than 3 W m-2, in order to save energy. In
the RGH, the floor level heating was set at 17 °C for day and night
and the ventilation was opened above 23 °C to reduce the temperature inside the greenhouse. These processes were controlled using
the application of proportional integral differences. The same control
mechanisms were used in the CGH including new dynamic set-point
strategies for cooling, heating, ventilation and CO2 enrichment in
comparison with the RGH. In this context, finned tube heat exchangers fixed under the roof of the CGH were coupled with an electrically
operated heat pump and a rain water tank (300 m3) used as short-term
energy storage. This system was applied to collect high amounts of
sensible heat energy and latent energy while cold water (5 °C) was
flowing through the finned tube heat exchangers. The mentioned
energy components were generated by the incoming solar energy and
plant transpiration, as well as evaporation processes, respectively.
This type of energy harvesting was used, in order to reuse the stored
energy if necessary and for cooling processes in the CGH.
In the present study, the closed and semi-closed operation phases in
the CGH alternated several times during the cultivation of tomato
plants as shown in Fig. 1. The closed and semi-closed operation
phases from February to May and from mid-August to November
were mainly used to charge the rain water tank with energy. As such,
the water from this tank was used either direct without the heat pump
(> 5 °C to 10 °C) or indirect with the heat pump (> 10 °C to 40 °C) for
cooling processes in the CGH, which were started at an air temperature of 22 °C. While the ventilation was completely closed during the
application period of the closed greenhouse, emergency ventilation
above 27 °C was permitted during the semi-closed operation mode in
spring and late summer, in order to avoid plant damage. As described
earlier, the use of a heat pump requires high amounts of energy for
cooling processes during summer. Therefore, an evaporative cooling
system was applied in the CGH without using a heat pump from June
to mid-August (Fig. 1). In this context, a high pressure fog system
was installed above the plants to ensure a uniform distribution of the
small droplets (10 μm) in the crop. In order to realize droplet evaporation and associated cooling processes, a coupled control for fog
and ventilation was conducted using a microcontroller, which was
connected between 23 °C and 27 °C measured in the plant population. To remove the energy rich water vapour from the roof region,
the ventilation was opened with short time pulses and a minimum
aperture (max. 10 %) at a RH of 80 % measured in the roof region.
The fog system was interrupted at a RH of 80 % determined within
the crop, in order to protect plants from diseases.
However, the warm water stored in the rain water tank was reused
either for direct heating (40 °C to > 35 °C) or for indirect heating

Fig. 1: Schematic diagram for closed and semi-closed operation phases in the confined closed greenhouse system and associated energy charge and discharge
processes occurring in the short-term energy storage tank.
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(35 °C to 8 °C) via a combination of the heat pump and heat exchangers mounted in the CGH, i.e., using tubular film blowers fixed
under the nutrient solution gullies and a vegetation heating system
installed in the plant population with a target temperature of 17 °C
(day and night). This heating procedure in the CGH is accompanied
by the discharge of the rain water tank (Fig. 1). When the stored energy was entirely used up, the energy supply for heating processes in
the CGH was realized using a floor level heating system containing
district heat as used in the RGH.
The CO2 enrichment was applied in both greenhouses, which was
kept at a level of 800 ppm during daylight hours. In this context, the
CO2 supply was stopped when the ventilation exceeded an opening of 10 %. To maintain the sought microclimatic conditions in the
RGH and CGH, all the aforementioned set points for cooling, heating, ventilation, RH and CO2 enrichment were controlled by data
obtained from different sensors. The measurements were forwarded to a central control computer, where these were recorded every
30 seconds.
Cultivation of tomato plants and assessment of crop growth and
yield
A closed hydroponic system with a recirculating nutrient solution
was used to produce tomato plants (Solanum lycopersicum L. cv.
Komeett) on a net-acreage of 260 m-2 per greenhouse. These were
grown on high gullies in rock-wool slabs and watered using drip
irrigation, which was started mainly after a light summation of
560 W m-2 for 150 seconds. To obtain a water overflow of 40 % after
each irrigation cycle, the light summation for controlling the irrigation was regularly adjusted in each greenhouse. The nutrient solution
was prepared by mixing fresh water and stock solution according
to the mixture recipe of Göhler and Molitor (2002). Each greenhouse was equipped with twelve gullies, which were arranged in five
double rows and two single rows with a length of 20 m. Each gully
contained 40 plants grown at a distance of 0.5 m from each other.
The plants were transferred to the rock-wool slabs on 24th January
2012, when four leaves were formed. To calculate the leaf area index (LAI) in the sixth, seventh and eighth week after planting, a
total of 20 plants per greenhouse was used to measure the leaf length
and width of each leaf with a folding ruler. The measurements were
inserted in an exponential function developed by Dannehl et al.
(2013a) to estimate the leaf area of each individual leaf. The calculated area of these leaves was summed per plant, where the average
leaf area regarding the evaluated plants was extrapolated to the entire
plant population. This leaf area was divided by the net-acreage to
obtain the LAI, which is expressed as m2 m-2. At the end of the experiments on 6th November 2012, the plant height of the same plants
was measured after the stem of the plant was cut directly above the
rock-wool slabs. Furthermore, the tomatoes were harvested and
weighed weekly, as well as summed up to compare the total yield
and the fruit mass per fruit in terms of both greenhouse facilities at
the end of the investigations. The plant height, the fruit mass and the
yield are expressed as m, g and kg m-2, respectively.
Determination of photosynthesis, transpiration, EUE, WC and
WUE
Ten leaf cuvettes of a leaf cuvette based gas exchanged system were
arranged at the same heights in the canopy of both greenhouses to
measure the photosynthesis (BERMONIS, Steinbeis GmbH & Co.
KG for Technology Transfer; Berlin, Germany). To ensure the same
measurements points in both greenhouses, the cuvettes were transferred weekly to the first fully developed leaf of different plants.
The cuvettes consist of polyethylene which is transparent for the radiation frequency from 300 nm to > 3000 nm, where the boundary

layer conditions inside the cuvettes are identical compared to those
of a non-influenced leaf. The photosynthesis was measured every
30 seconds as mean CO2-gas exchange (GECO2) during the harvest
period. As such, the flow rate of the air (Q), the CO2 level difference
between ambient air and the air in the cuvettes (DiffCO2), the atmospheric pressure (p), the chamber area (ChA), the air temperature (T)
and a constant (29.93), derived from the molar mass and the specific
gas constant of CO2, were used to calculate GECO2 (Equation 1).
GECO2 was calculated as follows:
Q × DiƒƒCO2 × p
GECO2 = 		
(1)
29.93 × ChA × TAIR

The mean value of GECO2 was generated daily in terms of the
daylight hours; these values are expressed as μmol CO2 m-2 s-1.
Furthermore, the plant transpiration was measured with the same
device using the same measuring principle and calculated according
to Schmidt (1988). The flow rate of the air, the absolute humidity
difference between the ambient air and that in the cuvettes (DiffAH),
as well as the ChA was used in Equation 2 to compute the transpiration as follows:
Q × DiƒƒAH
Transpiration = 		
(2)
ChA
The mean values of the transpiration were generated daily and expressed as mg H2O m-2 s-1.
The EUE is defined as the amount of energy required to produce one
kg of tomatoes (MJ kg-1) and was evaluated on three dates of the
last three weeks of the experiments. To calculate the EUE for the
CGH, the energy consumed (EC) for the circulation pumps (CP), for
heat pump processes (HP) and for district heat (DH), the primary energy factor for electrical energy (PFEE) and for district heat energy
(PFDH), the reuse of the stored energy (EE) and the total yield were
considered as shown in Equation 3:
(ECDH × PFDH) + (ECCP + HP × PFEE) − (EE)
EUE = 		
Total yield

(3)

The EUE calculated for the RGH was determined in the same manner as described in Equation 3, however, excluding the variables
ECCP + HP, PFEE and EE.
On three dates of the last three weeks of the investigations, the total
water consumption (WC) consumed by the crop in each greenhouse
during the cultivation period was calculated. This analysis included
evapotranspiration losses and was determined using the difference
between the amount of the recorded irrigation and that of the nutrient
solution drained from the cultivation gullies. Based on these results,
the WUE was calculated as a ratio between the total yield (kg m-2)
and WC (m3 m-2) and is expressed as kg fresh matter per m-3.
Chemical analyses and sensory investigations of tomatoes
Three replicates containing 30 tomatoes were randomly harvested
from different plants per greenhouse at the ripening stage 9. This
procedure was repeated five times in five consecutive weeks from
June to July to compare the average of five dates of three biological replicates. For the analyses, each sample collection per greenhouse was homogenised (KenwoodHB856, De’Longhi Deutschlang
GmbH; Neu-Isenburg, Germany). The homogenised fresh material
of each replication was used for the determination of the contents of
fruit dry matter, secondary plant compounds, titratable acids (TA)
and soluble solids (SSC) performed in duplicate.
Fresh mass and dry mass from all fruit samples were measured before and after drying in a ventilated oven for one day at 105 °C,
respectively. The fruit dry matter content was calculated by the ratio
of the dry mass to the fresh mass and is expressed as g kg-1.
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The L-ascorbic acid content (LAA) was determined using the enzymatic test kit (L-Ascorbate, Megazyme International Ireland; Bray,
Ireland). Briefly, the tetrazolium salt MTT [3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide] was reduced by LAA to a
formazan compound (MTT-formazan) under the presence of phenazinium methylsulfate. MTT-formazan was detected spectrophotometrically at a wavelength of 578 nm. Other reducing substances
were measured in the same way after removing LAA using ascorbic
acid oxidase. The differences between both absorbance values were
used to calculate the LAA content, which is expressed as g kg-1 fresh
weight (FW).
Lycopene, ß-carotene and total phenolic contents were determined
by spectrophotometry (Model 690, Gamma Analysen Technik
GmbH; Bremerhafen-Lehe, Germany). Briefly, lycopene and ß-carotene contents in tomatoes were extracted using the method outlined
by Fish et al. (2002), where this method was modified by Dannehl
et al. (2011). The hexane extracts of lycopene and ß-carotene were
measured at wavelengths of 505 nm and 453 nm, respectively. Subsequently, the contents of carotenoids were calculated according to
Nagata and Yamashita (1992) and are expressed as g kg-1 FW.
The phenolics were extracted as described by Connor et al. (2002).
For the analysis of the extracts, the Folin-Ciocâlteu method according to Slinkard and Singleton (1977) was used. In this context,
the modified procedure of this analysis was described exactly by
Dannehl et al. (2011). The results are expressed as g gallic acid
per kg FW (g GAE kg-1 FW).
The TA content in tomatoes was determined by potentiometric titration with 0.05 mol L-1 NaOH by pH endpoint at 8.1 according
to ASU-L-26.11.03-4 (1983). These analyses were performed using
a pH meter (pH526, WTW; Weilheim, Germany) including a glass
electrode (SenTix 41, WTW; Weilheim, Germany). The SSC was
assayed using a digital refractometer (PR101, ATAGO; Karlsruhe,
Germany), which detects reducing sugars and other soluble solids.
The results of the analysis of TA and SSC were converted to one kg
FW basis and are expressed as gram citric acid and gram SSC per kg
FW, respectively.
On the last date of the chemical analyses in July, a whole batch of
tomatoes at the ripening stage 9 was used for a sensory investigation,
in order to assess the quality of tomatoes from the perspective of
consumers. In this consumer acceptance test, 100 passers-by of different origin evaluated tomatoes from the RGH and CGH regarding flavour and mouthfeel attributes, such as fruity, watery, grassy,
mealy, juicy, bitter, sour, sweet, tomato-like, and peel firmness.
Additionally, the total quality, which includes all sensory attributes,
was also assessed by the consumers. The intensity of all sensory impressions of the tomatoes was evaluated using an unstructured scale
with the defined points 0 (low intensity) and 10 (high intensity). In
this context, the consumers were trained over a period of 15 minutes
to understand the meaning of the attributes and had to rinse their taste
organ with water for neutralization. In all sensory tests, the tomatoes
of each greenhouse were quartered before serving to the assessors on
coded plates, where the consumers received as much tomato pieces
as needed to evaluate them. These tests were performed at room temperature, 50 % RH and under artificial light conditions.
Statistical analysis
The effects of changing microclimatic conditions caused by the RGH
and CGH on crop growth, tomato yield, plant physiological responses, as well as on the water and energy balance were evaluated using
SPSS package version 19.0. All comparisons were calculated using
t-test procedure, where asterisks indicate a significant increase at a
significance level *α = 0.05 and **α = 0.01. Considering the harvest
period, the results represent average values of 29 evaluation dates
(n = 29) in terms of microclimatic conditions, transpiration rates,

photosynthesis rates and fruit mass, except for the determination of
LAI, WC, WUE and EUE (n = 3), as well as for chemical analyses
of primary and secondary metabolites (n = 15). To compare both
greenhouse systems regarding the plant height and the total yield at
the end of the experiments, twenty plants and 400 plants were used,
respectively. Before the flavour and mouthfeel attributes of tomatoes
produced in the RGH and in the CGH were compared, a triangle
test with one different and two alike tomato pieces was applied to
consumers (n = 100). Since a data analysis using the chi-square test
showed that the number of correct perceptions of consumers was
significant (α = 0.01), the t-test was used to compare sensory impressions of the consumers.

Results

Microclimatic conditions
In consideration of selected days, the comparisons of microclimatic
conditions between the RGH and CGH are displayed in Fig. 2. At
outside temperatures between 16.6 °C and 20.9 °C during the days of
March, the ventilation in the RGH was opened of up to 54 %, whereas
the ventilation in the CGH was completely closed due to the closed
operation mode on these days. Based on this fact, the temperature in
the RGH was maintained at 24 °C and that in the CGH at approximately 27 °C. Furthermore, the mentioned ventilation conditions led
to higher levels of CO2 and RH in the CGH, where maximum differences by up to 500 ppm and 22 % were observed, respectively, when
compared to the RGH. However, the microclimatic conditions in
both greenhouses changed depending on the warmer season in May
but also due to the applied semi-closed operation mode in the CGH,
which was operating with the heat pump to realize cooling processes. Based on the defined set-points regarding the ventilation opening in each greenhouse, the ventilation in the CGH was kept closed
for a longer period than that in the RGH (Fig. 2). Two consequences
of this were that the RH was more than 20 % higher and the CO2
concentration was increased by up to 200 ppm in the CGH compared
to the RGH, where this maximum CO2 difference was only one third
of the difference reached in the closed operation mode. Compared to
the RGH, the higher levels of CO2 in the CGH were accompanied by
lower temperatures by up to 2.5 °C during the day. This effect was
particularly based on the cooling process caused by the fined tube
heat exchangers. Furthermore, the semi-closed operating DescFog
system used for evaporative cooling in the CGH caused a lower ventilation frequency compared to that in the RGH during the summer
period (Fig. 2). This ventilation behaviour provoked higher levels
of CO2 and RH in the CGH, which were maintained at 450 ppm and
85 %, respectively. However, the CO2 concentration and the RH in
the RGH were greatly limited to 250 ppm and 60 % at temperature
peaks between 30 °C and 33 °C measured outside during the days
in July. At the same days, the temperature inside the CGH could
be lowered in the range between 2.5 °C and 4.4 °C compared to
the outside conditions, whereas the temperature profile within the
RGH was almost equal to that recorded outside. In contrast, the temperature values in the CGH were approximately 2 °C higher compared to those obtained in the RGH during the morning and evening
hours due to the DescFog system and an associated ventilating at
the earliest at 25 °C. The same applies to the closed operation mode
used in late winter, spring and autumn, which was most pronounced
with a maximum temperature difference of 2.8 °C around noon
(Fig. 2). Considering these temperature differences between both
greenhouses during the tomato cultivation, the average temperature
in the CGH was significantly increased by 0.5 °C compared to the
RGH (Tab. 2). The average value of the RH was not significantly
affected. However, the mean CO2 concentration in the RGH was significantly reduced by 132 ppm versus the CGH (Tab. 2), where this
result was caused by the higher levels of ventilation in the RGH.
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Fig. 2: Comparisons of microclimatic conditions and the ventilation behaviour between the reference greenhouse (RGH) and the confined closed greenhouse
(CGH) in consideration of selected days during winter, spring and summer.

Tab. 2: Microclimatic conditions and plant responses of tomato plants caused
by different climate control strategies
Characteristic

RGH

CGH

Relative humidity [%]

91.77

93.48

Significance

Temperature [°C]

21.60

22.11

*

CO2 [ppm]

525.72

657.87

*

21.54

14.07

*

4.39

5.31

*

Transpiration [mg H2O

m-2 s-1]

Photosynthesis [µmol CO2 m-2 s-1]
Number of fruit [fruit

m-2]

188.59

242.15

*

Fruit mass [g]

107.27

116.05

*

Fruit dry matter content [g kg-1]

60.00

60.00

WC [m3 m-2]

0.81

0.57

*

29.11

49.91

*

57.27

39.49

*

WUE [kg fresh matter
EUE [MJ kg-1]

m-3]

the semi-closed operating DescFog system in the CGH from calendar week 23 to 33, however, to a smaller extent as shown before.
As such, tomato plants grown in the CGH showed a maximum increase in photosynthesis by 65 % compared to those produced in the
RGH. During the last two weeks of the experiments, no differences
in photosynthesis were detected when the RGH and the closed operating CGH were compared. The latter outcomes are comparable
to those found as results of transpiration measurements during the
last two weeks of the investigations (Fig. 3). During the remaining
harvest period, however, all applied operation modes in the CGH affected the plant transpiration in the same manner as shown in Fig. 3
(stacked bars). This means that the rates of plant transpiration were
reduced by up to 58 % by the influence of the CGH when compared with the RGH. In consideration of the entire harvest period
and compared to the RGH, the average value of the photosynthesis
and that of the plant transpiration achieved in the CGH was significantly increased by 21 %, as well as significantly reduced by 35 %,
respectively (Tab. 2).

The table represents average values as a result during the harvest period (n =
29), except for WC, WUE and EUE (n = 3), as well as fruit dry matter content
(n = 15). Asterisks indicate significant differences according to the t-test procedure at a significance level p < 0.05.

Photosynthesis and transpiration
Fig. 3 represents the daily mean photosynthesis and transpiration
depending on different greenhouse systems during the harvest period. The photosynthesis was almost continuously higher in the CGH
compared to the RGH, even though the solar radiation was reduced
in the CGH described earlier. The effects of the weaker light quantity on photosynthesis were only noticeable in late April, where the
photosynthesis caused by the closed operation mode in the CGH was
markedly reduced by up to 100 % compared to the RGH. In contrast,
the semi-closed operation mode including heat pump applied from
calendar week 18 to 22 and from 34 to 39 resulted in a higher photosynthetic activity versus RGH (Fig. 3). These increased levels of
photosynthesis varied between 32 % and 147 %. Similar differences
in rates of photosynthesis were found owing to the application of

Fig. 3: The mean daily photosynthesis (GECO2) and plant transpiration
caused by the reference greenhouse (RGH) and the confined closed
greenhouse (CGH) during harvest time.
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Crop growth, WC, WUE and EUE
The influences of the RGH and the CGH on LAI, plant height and
total yield are shown in Fig. 4. Eight weeks after planting, the prevailing microclimatic conditions in the CGH resulted in a significant increase in LAI (2.1 m2 m-2) compared to that measured in the
RGH (1.8 m2 m-2). At the end of the experiment, the average plant
height of plants grown in the CGH was significantly increased by
1.56 m when compared with the RGH. This result suggested that
plants produced in the CGH grew faster, whereby 28.4 % more fruit
per m-2 were formed (Tab. 2). Compared to the average fruit mass of
107.27 g attained in the RGH, the fruit mass of tomatoes matured in
the CGH was significantly increased to 116.05 g, whereas the fruit
dry matter content was not affected (Tab. 2). Based on these plant
responses, the total yield caused by the CGH was significantly increased by 21.4 % in relation to the total yield produced in the RGH
(Fig. 4). Furthermore, the microclimatic conditions in the CGH led
to a significant reduction in WC by 30 % compared to that, which
was consumed by plants grown in the RGH. Due to the higher WC
and the lower total yield in the RGH, the WUE calculated for the
CGH was significantly improved from 29.11 kg m-3 to 49.91 kg m-3
(Tab. 2). It was also demonstrated that the EUE achieved in the CGH
was significantly improved by approximately 43 % compared to the
RGH as consequences of the reuse of the stored energy in the rain
water tank and the higher total yield (Tab. 2).

Fig. 4: Crop growth and total yield of tomato plants grown in the reference
greenhouse (RGH) and in the confined closed greenhouse (CGH).
All displayed comparisons were calculated using t-test procedure,
where asterisks indicate a significant increase at a significance level
*α = 0.05 and **α = 0.01 and bars standard deviations. The data represent average values of three replications, except for plant height (n
= 2) and total yield (n = 2).

Fruit quality and sensory investigations
It was found that the investigated primary and secondary metabolites containing in tomatoes were positively affected by the CGH.
This means that the contents of SSC, lycopene, ß-carotene, phenolic
compounds and LAA in tomatoes ripened in the CGH were significantly increased by 9 %, 22 %, 21 %, 8 % and 26 %, respectively,
compared to those determined in fruit from the RGH (Fig. 5). These
results were achieved not only on a fresh weight basis but also on a
dry weight basis; because the fruit dry matter content in tomatoes
did not differ in response to the corresponding greenhouse (Tab. 2).
Otherwise, the content of TA remained unaffected depending on the
application of different greenhouse systems. Furthermore, the microclimatic conditions caused by the CGH affected the intensity of
some sensory attributes (Fig. 6). Mouthfeel attributes such as fruity,
watery, grassy, mealy, bitter, sour and tomato-like were equally
influenced in tomatoes, which were produced in the RGH and the

Fig. 5: Reference greenhouse (RGH) and confined closed greenhouse
(CGH) mediated changes in contents of primary and secondary metabolites in tomatoes. Bars mean standard deviations
and asterisks significant differences according to the t-test
procedure at a significance level *α = 0.05 and **α = 0.01.
The contents represent average values of five harvest dates of
three biological replicates (n = 15).

Fig. 6: Sensory investigation regarding flavour and mouthfeel attributes
of tomatoes grown in the reference greenhouse (RGH) and in the
confined closed greenhouse (CGH). All attributes were tested using t-test and represent the mean values of sensory impressions of
100 passers-by, where asterisks indicate a significant increase at a
significance level α = 0.05. The intensity of all sensory impressions
is defined as 0 (low intensity) and 10 (high intensity).

CGH. However, the consumer perceived that the application of the
CGH significantly intensified other flavour attributes in tomatoes
such as sweet and juicy, but also the mouthfeel attribute defined as
peel firmness (Fig. 6). In consideration of all sensory attributes, the
consumers assessed the total quality of tomatoes grown in the CGH
as significant higher compared to those matured in the RGH.

Discussion

Effects of different operation modes of greenhouses on photosynthesis, crop growth, yield, transpiration, WC, WUE and EUE
Generally, the applied operation modes in the CGH can effectively
be used to decrease the inside temperature at high ambient temperatures, where this process is accompanied by higher levels of RH
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and CO2 concentration. During the late April, the combination of
higher levels of CO2 and a diminished solar radiation in the CGH
was not sufficient to increase the rates of photosynthesis compared
to the RGH. This observation is consistent with the results reported
by Kläring and Krumbein (2013) and Gomez et al. (2013), who
demonstrated that lower light conditions resulted in a decreased photosynthesis. In contrast, the rates of photosynthesis of plants grown
under CGH conditions were higher compared to those achieved in
the RGH during the remaining month of the harvest period (Fig. 3).
These results were obtained, although the transmitted solar radiation in the CGH was reduced by 11 % compared to the RGH as
described by Dannehl et al. (2013b). Therefore, it was concluded
that the higher levels of CO2 concentration can contribute to a compensation of the mentioned light reduction in the CGH during the
light intensive season. This conclusion complies with the evidences
reported by Vanoosten et al. (1995) and Hurd (1968), who showed
a higher photosynthesis of tomato plants exposed to an elevated CO2
and a reduced light environment. As reported by Mortensen (1987),
the enhanced rates of photosynthesis are the basis for an increased
plant growth, which was also demonstrated in the present study. As
such, the LAI and the plant height of plants produced in the CGH
were increased compared to those grown in the RGH, whereby more
trusses can be formed. These plant responses can also be explained
by the higher average temperature (22.11 °C) obtained in the CGH
(Tab. 2). This assumption is consistent with the results found by
Adams et al. (2001), who observed a faster plant growth and more
produced trusses of tomato plants, when the temperature was increased from 21 °C to 22 °C. Furthermore, it was observed that
changes in microclimatic conditions in the CGH did not promote the
occurrence of fungal infestation or other tomato diseases. Therefore,
not more plant protective agents must be used in the CGH compared
to conventional production.
In the present study, the promoted photosynthesis of plants exposed
to the CGH resulted in an enhanced assimilates supply followed by
an accelerated plant growth, whereby the total yield and the fruit
mass per fruit were increased by 21.4 % and 8.2 %, respectively
(Fig. 4; Tab. 2). Similar results were found by Kläring and
Krumbein (2013), which were attributed to higher rates of photosynthesis. Since the fruit dry matter content per gram fresh weight
was unaffected (Tab. 2), it was concluded that the higher fruit mass
per fruit was most likely caused by a higher carbon fixation within
the fruit than by an increased water accumulation due to higher levels of relative humidity as demonstrated by Johnson et al. (1992).
Comparable yield responses as described in the present study were
also found depending on an elevated mean temperature and CO2
concentration (Kimball, 1983; Reinert et al., 1997; Adams et al.,
2001), where these microclimatic conditions were similar to those
measured in the CGH. Furthermore, Kläring and Krumbein (2013)
and Marcelis et al. (2006) identified that the total yield of tomatoes
depends on the light conditions, where the yields were diminished
in the range between 0.54 % and 1.1 % per 1 % light reduction.
These calculations do not agree with our data, because higher yields
were obtained in the CGH even though the light transmission was
reduced. Rather, it was found that a close relationship exists between
the total yield and the average value of the photosynthesis, which
was calculated under consideration of the entire harvest period
(Tab. 2). As shown in the results section, the total yield and the
average value of photosynthesis caused by the CGH resulted in a
surplus of 21.4 % and 21 %, respectively. Therefore, it might be possible that a 1 % increment in photosynthesis results in a 1.02 % yield
increase. In this context, Zelitch (1982) summarized the results of
various studies, which generally showed a positive correlation between photosynthesis and yields in terms of other plant species. To
date, however, no investigations were found that refer to the estimation of tomato yields in relation to the photosynthesis.

In comparison of both greenhouses, the average RH tended to increase in the CGH, whereas the temporally differences in RH ranged
between 20 % and 25 % in favour of the CGH (Tab. 2; Fig. 2).
Patane (2011) and Leonardi et al. (2000) found that higher relative
humidity conditions inhibited plant transpiration of tomato plants.
Other studies showed that increased CO2 concentrations led to decreasing stomatal conductance and rates of plant transpiration in C3
species (Waggoner and Zeilitch, 1965; Louwerse, 1980). These
results are fully consistent with our calculations. The differences in
RH and CO2 concentrations described earlier resulted in a decrease
in transpiration of plants grown in the CGH (by 35 %) compared
to those exposed to the RGH (Tab. 2). These reduced transpiration
losses were crucial for the reduction of the number of irrigation cycles applied in the CGH, whereby the WC was lowered by 30 %
when compared to the RGH (Tab. 2). This result combined with the
higher total yield improved the WUE by 71 % of plants produced
in the CGH. This variable was raised to a value of 49.91 kg m-3 in
the CGH, whereas a WUE of 45.45 kg m-3 was achieved in CO2
enriched Dutch greenhouses (Van Kooten et al., 2008). Therefore,
it is obviously possible to improve the WUE in other greenhouse
facilities when the technical refinements applied in the CGH are integrated into existing systems.
Furthermore, it was demonstrated that the required energy for the
basic load for heating up the CGH can be covered during the year
using the collected energy from February to May and from midAugust to November. In this context, it was shown that the EUE
in the CGH was improved by 43 % compared to the RGH, where
this value was reached by the reuse of the stored energy, the energy
screens and the increase in total yield (Tab. 2). The data showed that
39.49 MJ were necessary in the CGH to produce one kg of tomatoes. In Dutch greenhouses, however, the value of the EUE is much
lower, where 25 MJ kg-1 were calculated (Elings et al., 2005). This
difference is based on the warmer day and night temperatures in the
Netherlands, whereby less energy is required to produce tomatoes,
but also on this fact that the yield production in Dutch greenhouses
is twice as high as shown in the present study.
Effects of different operation modes of greenhouses on fruit
quality
Compared to the RGH, the contents of lycopene, ß-carotene, phenolic
compounds, SSC and LAA were increased in tomatoes, which were
exposed to the climate conditions in the CGH (Fig. 5). Therefore, it
was concluded that the light reduction in the CGH did not negatively
influence the contents of SSC in tomatoes or at least not during the
light intensive season. This result is consistent with the observations
made by Gautier et al. (2008) and Kläring and Krumbein (2013),
both of whom found that shaded plants did not result in a decrease in
SSC. In this context, Gautier et al. (2008) reported that an increasing temperature from 21 °C to 26 °C did not affect the contents of
SSC in tomatoes. That is why we excluded a temperature effect on
the amount of SSC in tomatoes, which were produced with a small
temperature difference occurring between the RGH and the CGH.
The same applies to the influence of the RH on the SSC, because
the temporally higher levels of RH in the CGH were not sufficient to
dilute the SSC in tomatoes compared to those matured in the RGH
(Fig. 5). However, Bertin et al. (2000) reported that a higher RH
was responsible for lower SSC in tomatoes, where these tomatoes
were matured under summer Mediterranean conditions and an associated greater difference in levels of RH than in our own experiments. Rather, it seems that the higher levels of CO2 concentration
in the CGH triggered an increase in photosynthesis followed by an
enhanced supply of assimilates, whereby more content of SSC was
accumulated in tomatoes. These conclusions are supported by Islam
et al. (2006), who found increased levels of SSC in different tomato
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cultivars, which were grown under doubling of the CO2 concentration. Finally, this increase in SSC and the stronger peel firmness
owing to the CGH was perceived by the consumers (Fig. 6). It is
assumed that the stronger peel firmness was caused by the higher
mean temperature in the CGH, where Riga et al. (2008) described
the same phenomenon in their study. However, no changes in sourness of tomatoes were noticeable by the consumers, where this result
was confirmed using the chemical analyses (Fig. 5; Fig. 6).
The alterations in secondary metabolites were affected positively by
the microclimate conditions in the CGH. Regarding the effects of
light deficiency on secondary plant compounds in tomatoes, there
are conflicting results from different studies that give negative and
positive effects. Toor et al. (2006), for instance, found that the total
phenol content in tomatoes varied depending on the seasonal light
conditions, whereas a reduction in the mean monthly solar radiation
by 10 % did not influenced the levels of phenolic compounds. This
light interception is approximately equal to that measured between
the CGH and the RGH, which is the reason why a light effect on
phenolics was excluded in the present study. In this context, other
studies showed that tomatoes accumulated more lycopene, ß-carotene and LAA when they were ripened at high radiation intensities,
where the solar radiation was increased by up to 97 % compared
to the reference light conditions (Lee and Kader, 2000; Gautier
et al., 2005; Brandt et al., 2006). However, Raffo et al. (2006),
Kläring and Krumbein (2013) and Riga et al. (2008) did not observed variations in contents of carotenoids and LAA in tomatoes at
light differences by up to 123 %. These results and the increasing
contents of secondary metabolites caused by the CGH suggest that
a light reduction by 11 % in the CGH was not sufficient to diminish
the secondary plant compounds in tomatoes. Rather, it is assumed
that the slightly higher mean temperature and the higher levels of
CO2 concentrations and associated higher rates of photosynthesis in
the CGH (Tab. 2) were mainly responsible for the accumulation of
carotenoids, phenolic compounds and LAA. This was concluded,
because Raffo et al. (2006) showed that the contents of several phenolic compounds in tomatoes were increased when the average temperature was raised by 0.5 °C. However, the LAA content remained
unaffected at this temperature difference. Krumbein et al. (2006)
demonstrated that the content of carotenoids increased with elevated
mean temperatures ranging between 18°C and 22 °C. It could also be
possible that the temporally higher temperatures in the RGH led to
an overheating of tomatoes, followed by an inhibition of the synthesis of lycopene as shown by Dumas et al. (2003). Furthermore, it was
found that CO2 levels maintained between 550 ppm and 1000 ppm
can be used to increase various phenolic compounds in strawberries and grapes (Bindi et al., 2001; Wang et al., 2003), whereas
these higher CO2 concentrations did not affect the carotenoid pattern in tomatoes (Krumbein et al., 2006). Nevertheless, an elevated
atmospheric CO2 can generally increase the photosynthetic activity
as shown in the CGH. In this context, LAA, phenolic compounds
and carotenoids are synthesized from primary metabolites supplied
through photosynthesis in plants (Lee and Kader, 2000; Treutter,
2010). Therefore, it might be possible that the higher rates of photosynthesis of plants grown in the CGH resulted in a higher carbohydrate supply, whereby more resources for carbon based secondary
plant compounds were provided. This would explain the increased
accumulation of secondary metabolites of tomatoes matured in the
CGH compared to those ripened in the RGH.

Conclusion

It can be recommended for practitioners that a confined closed
greenhouse can be used as horticultural approach to increase fruit
quantity and quality. As such, the results suggested that changes in
microclimatic conditions occurred in the CGH, whereby the rates

of photosynthesis, the LAI, the plant height, the total yield and the
accumulation of primary metabolites were increased. The same applies to the secondary plant compounds and associated contents of
antioxidant activity, which most likely benefit human health. In this
context, it needs to be investigated whether an individual climate
factor or a general increase in photosynthesis is responsible for the
accumulation of carotenoids, phenolic compounds and LAA in tomatoes. Furthermore, it was found that the CGH has the potential
to guarantee the production of tomatoes in a sustainable way, where
high amounts of water and energy can be saved. To attain all the
mentioned advantages, the growers have to reduce the frequency of
the ventilation and to accept higher mean temperatures, RH and CO2
concentrations in the CGH during summer. Although it was demonstrated that a light reduction can be compensated by higher levels of
CO2, a lower light interception by shadow-casting mounting parts
(e.g., energy screens) should be realized in greenhouses in order to
produce even more tomatoes than shown in the present study.
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