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Abstract

In summer, greenhouses have to deal with an excaxssolar energy which
is mostly discharged by ventilation. In moderate @¢ates, on a yearly base this
discharge of energy is comparable to the energy demd for heating. Thus, in
times of growing awareness of the scarcity of fosguels, harvesting and storing
of summertime heat excesses for application in wiat seems to be a promising
technique. Preferably the harvesting units are intgrated in the greenhouse
design because this enables the shared use of spaigé supporting constructions
and the extraction of excess heat can improve thedide climate conditions,
especially when one’s trying to increase the insidéO,-concentration to above
outside levels.

However, although the concept sounds easy, in pract a lot of difficulties
have to be overcome since there are strong limite the affordable expenses,
giving the value of the energy harvested. Moreovethe harvesting of
summertime excesses and the application of the (Ialwermal) heat results in an
important electricity demand for driving ventilator s and a heat pump. This
means that the ratio between heat and electricityemand shifts to the latter,
which is unfavourable because of the much higher Wae of electricity compared
to heat. Nevertheless, with a carefully designed ergy harvesting greenhouse,
promising opportunities appear to be achievable, @&cially when smart choices
are made around the greenhouse air temperatures arttumidity control.

This paper presents the reasoning of such a desigalled the Sunergy
Greenhouse. The proposed design was built as a 580 demonstration object
and has been in operation since June 2008. In thsper a number of results are
presented and commented. Moreover, based on the @pgations, a simulation
model was developed. With this model, amongst lots other things, the impact
of the prices of gas and electricity on the affordale costs of energy harvesting
can be studied. The results, presented in this papéelps to understand business
economical considerations.

INTRODUCTION

Although the current energy prices are lower tmaRdo08, it is to expect that
the growing worldwide scarcity of oil, coal and gasmbined with the growing living
standard of people will result in growing energgtsan the coming years. Since, for
many nurseries, the energy consumption of greemhoogiculture is a substantial
factor on the business economical balance, redubiagenergy consumption will
gain relevance.

In general, the reduction of energy demands aretiergy costs can be
achieved along three dimensions. In the first ptaeedemands for heat and
electricity can be diminished. This means a betigulation of the greenhouse, less



lighting or lighting with an improved electricitp tPAR conversion, lower greenhouse
temperatures during heating and the acceptancgleéhair humidities. The second
possibility is to increase the contribution of suisable energy sources like solar
power to the energy requirement of the enterpfiibe.third possibility is to improve
the conversion efficiency of non sustainable enayrces to the required energy
manifestationsd.g.heat, electricity, light). These three dimensioresfeequently
referred to by the “Trias Energetica” (Lysen, 1996)

The Sunergy greenhouse (see Fig 1.), built astaop#re Innovation and
Demonstration centre on low energy greenhouse tpeyas an example of a next
generation greenhouse that applies a well chodestf seements of the Trias
Energetica to realize a low energy demanding, lmit productive greenhouse. This
article discusses the key components and reasohthg design and shows some
results.

MATERIAL AND METHODS

The seasonal variation on higher latitudes meaatsttiere are warm periods with an
abundance of solar energy and cold periods witwasblar energy supply and long
nights. This makes that operating a greenhouseeadominantly solar energy
requires a seasonal storage facility to carry timersertime surplus to winter. The
large heat capacity of water, combined with itsdiily and its omnipresence makes
water in an aquifer the most suitable seasonaldteedge system (Aarssen, 2008).
Currently, there are some hundred seasonal entoagse systems in operation in the
Netherlands, from which around 25 at greenhouss.slthus the technical and
practical experience has grown that much that, fsorantific and demonstration
point of view, there is no need to include a replier energy storage system on the
Innovation and Demonstration centre. Moreoverag heen shown that a simple
simulation model can closely describe the dynamecrhal behavior of such a storage
system (Campen, 2005). A similar reasoning teb$ éhcombined heat and power
engine and a heat pump, which are key componentgl§sdon’'t have to be included
either in order to carry out relevant research @ onstration purposes on low
energy greenhouses. Therefore, the experimentseo8unergy Greenhouse are
limited to a continuous measurement of the requaeating and cooling power, the
electricity demand to run pumps and ventilators wedvater and Cdemand and
the canopy development and production in the ckncanditions achieved. Besides
the heating and cooling power, the supply and neteimperature that serves these
commodities is recorded. This is important becdhséneating supply temperature
affects the Coefficient Of Performance (COP) withiah the heat pump turns electric
power into heat.

The Sunergy Greenhouse (see Figure 1) is a sesgdlgreenhouse. It is closed
during periods with high solar radiation in orderehable harvesting of solar energy
on a relatively high temperature, but it lets iristade air during dull days and during
the night for dehumidification purposes. This waylehumidification lowers the
investment costs of the air treatment unit and m@elowers the electricity demand
in comparison to a completely closed greenhouse nvéchanical dehumidification
(i.e. condensation on a cold heat exchanger and regdaagrchilled air with a
downstream second exchanger). This will be expthinenore detail in the next
section.

In order to be able to keep the greenhouse closkijh radiation periods, the
greenhouse is equipped with overhead cooling (aits per 100 /). When on, the
units circulate 40 rhper nf greenhouse per hour. This air flow cannot be dasi®



the cooling power is controlled by the flow of tt@oling water. The temperature of
the water supplied to the coolers is kept at 11Ti@s because this temperature can
be achieved in practical situations where the oad is kept at 9 °C, which is just
below the deep soil temperature in the NetherldhtiSC). When assuring this
temperature in the cold side of the pair of wehg, seasonal heat storage system can
be kept thermally neutral on an annual base, wiiclirrently obliged by Dutch
legislation. In this way, the energy loss of thewavell to its environment can be
compensated by a gain of energy into the cold Wék temperature difference
between 9 and 11 °C is sufficient to transfer thergy via a heat exchanger that
separates the aquifer water from the water in teerghouse cooling system.

An important component of the Sunergy Greenhoutigeisir treatment unit. This
unit blows air via slurves beneath the gullies ithi® greenhouse with a controllable
flow rate of 5 to 15 mper nf per hour. The air can be obtained from the outaitke
from the inside of the greenhouse with a contrédlahtio. Outside air is taken in
when the greenhouse becomes too humid. Whenrtisetaken from the inside, the
air treatment unit can be used to improve the hanetjy of the greenhouse air and
for heating purposes. In the latter case, heatmgoe performed by circulating warm
water through the heat exchangers in the air treatmnit (see Figure 2).

At time of the design of the greenhouse, the aattnent unit was meant to be the
major heating device whereas the pipe-rail system used as second, parallel
operating circuit. The large heat exchanging sarfaidhe combination of air
treatment unit and pipe-rail system enables to theatjreenhouse with relatively low
supply temperatures. However it appeard that tipéicgion of air ducts below the
gullies (see Fig. 1) induced large temperatureigrasl along the length of the ducts.
Therefore, after the experiences with the firstiquriod (January 2009), the focus of
the heating capacity was shifted towards the piilesystem by a redirection of the
heating water distribution. The disadvantage oflifted temperature required for
heating had to be accepted in favor of the impramnof temperature homogeneity
along the length of the gully.

Originally, besides for heating and dehumidificatithe air treatment unit was also
meant for cooling purposes during high irradiagp@miods. However, during the first
month of operation it appeared that the low tempeea in the lower parts of the
canopy affected the ripening of the fruits in aateg way. Therefore, alike the
heating option of the air treatment unit, also¢beling option is no longer used for
the sake of a temperature homogeneity. This méet®nly the dehumidification and
general air circulation functions of the air treatthunit remains. The heat exchangers
in the air treatment unit are now only used whenud&dification requires outside air
that is lifted to the actual greenhouse air tentpeegust before it's distributed in the
greenhouse. The outside air then displaces gresehamuwhich leaves the
greenhouse trough an opening in the opposite gable.

To find a balance between high insulation and & ignsmission of solar radiation,
the greenhouse is cladded with single glass, buippgd with a double screen.
During the night, both screens can be closed andgloold days only the
transparent, lower screen may be used.

Besides these innovative components for climatérohrthe Sunergy greenhouse is
equipped with common systems for watering, draireageCQ dosing.

The translation of the measured quantities to dvegares about gas and electricity
consumption and the dynamic behavior of the agsiystem is performed by a
simulation model that computes the aquifer chargedaischarge flows, the on and off
switching of a 200 kW per hectare Combined HeatRower engine, the electricity



exchange with the public grid, and the charge aschdrge of diurnal storage tanks.
The model runs with the quarterly measured datacantputes the dynamically
changing COP, based on the measured temperat@ls tehsupply and return water
and the dynamically evolving temperatures in thafaq storage system.

RESULTS AND DISCUSSION

In June 2009, the Sunergy Greenhouse has beemriatimm for one year. From June
till November 2008 cucumbers were grown and stgiialfway December, the
greenhouse was tested by growing tomato. This gpé¥as given a large amount of
data from which the detail performance of the congmas can be analyzed, but first
the overall performance is presented.

Overall performance

Despite the changes that were made along thehrargreenhouse has shown to be
very productive. From August till November the conher production was 40 grams
of cucumber per MJ outside radiation. In summerasneed in June and expected to
be continued till October), the tomato canopy poaduwith an efficiency of 20 grams
of tomato per MJ outside radiation. Both figures ligh, especially when the modest
energy consumption and G@put is taken into account. Due to the intensise of
the thermal screens and the acceptance of a higidhy, the heat consumption of
the greenhouse is only around 33per nf per year, which is some 25% less than
common practice in the Netherlands. Due to thetfattthe greenhouse remains
closed during sunny and warm days, the inside €f@centration can be kept
between 900 and 1000 ppm with only a supply rate06fkg/(ha hr). This is around
half the supply rate used in the average vegetaklenhouse in the Netherlands.
Figure 3 shows the major quantities of the enemyskhold in an almost year round
period. Starting in June 2008, the greenhousedastimulates energy in the aquifer
by raising the temperature of 23 per nf from the original temperature of 11 °C to
18 °C. This 18 °C is a bit lower than the mean terafure of the water coming out of
the coolers because 1 to 2 °C is lost in the hedtanger that separates the aquifer
water from the water circulating in the greenhotigeate system.

By raising the temperature of the water in the yuthe greenhouse stores 460 MJ
of solar heat per frgreenhouse in this first half summer period. knfibllowing

winter, 300 MJ per fgreenhouse was used to supply heat to the evapofahe

heat pump. Obviously, the greenhouse accumulates satar heat than it uses for its
own heating. When the curve of the accumulated ingae aquifer (figure 3b) is
extrapolated to June 2009, it can be expectedrlate year, the greenhouse has
stored an excess heat of 500 MJ p&per year. This means that a Sunergy
Greenhouse can provide solar heat to a non-classshigouse that uses a heat pump
for heating. The surface ratio between the cl@s®tithe non-closed greenhouse will
be about 1 to 1.

Figure 3c shows the primary energy consumptiomefSunergy Greenhouse. This is
quite different than the heat demand because thtedeenand is partly covered by
solar heat from the aquifer. The figure shows ekthine, which is the net primary
consumption, and a thin line, which is the gas aaomsion of the Sunergy
Greenhouse. The difference between these linesscoma the import and export of
electricity. In summer the Sunergy greenhousenistaxporter of electricity. This
results in a net energy consumption lower thamitbekly consumed gas because
some 20% of the consumed primary is exported a&s$rieiey to the public grid. In
January and February the thick line exceeds timelitie. In these cold months, due to



the bigger electricity demand of the heat pump tharproduction capacity of the
combined heat and power unit, the greenhouse & anporter of electricity.

The yearly mean gas consumption of the greenhdlseh(in line) is 0.54 mper nf
per week, resulting in a gross yearly consumptio®8ont per nf per year. The thick
line has a mean value of 0.485 per nf per week, resulting in a net yearly
consumption of 25 fhper nf per year. From these figures it can be conclubatithe
greenhouse is a net exporter of electricity.

Experience with the air treatment unit

Originally, besides for the distribution of outsidie for dehumidification, the air
treatment unit (see figure 2) was meant to playvgortant role during periods of
cooling and to play a major role when the greeskdas to be heated. As mentioned
earlier the cooling role was discarded after the& hne month allready.

Then, in the cold January month, it appeared thenathe heat demand growédl (

> 50 W/nf) the temperature distribution along the deptthefptath was very bad. The
back side of the greenhouse was up to 3 °C wartmaerthe front side at the end of
the slurves. After a short attempt to improve tigasion by reducing the air flow
from the slurves at the back side of the path worfaf the air outlet at the front side,
the conclusion had to be made that this lay ostwives would not be able to
combine an equal distribution of heating power deldumidification capacity. This
because the large surface of the slurve givesrgeaitithout any outlet of warm air,
whereas the decreasing air temperature alonguineestiemands an increasing
airflow to balance the heat output along the sluH@wvever, when a varying air
outlet along the slurve would balance the heatwutpe dehumidification capacity
will be zero at the beginning of the slurve and wilthe end. Thus an equal heat
distribution from the slurve conflicts with an edjyalistributed dehumidification
capacity. Since an equal dehumidification capdsityf great importance to accept
high humidities, which is necessary for a low t@shand, the choice was made to let
the dehumidification function oft the air treatrhenit prevail and to discard the
heating function of the air treatment unit.

As a consequence of the strongly limited role efhieat exchangers in the air
treatment unit, the relation between heating pamerthe required supply water
temperature shifted upward (see figure 4). Whenguaiheat pump as the major
heating device, which is the case in the Sunergef@rouse concept, such an upward
shift decreases the mean Coefficient Of Performahdtee heat pump. However,
since not only the heat pump, but also the rejeat bf the combined heat and power
unit is used to generate the required temperaturedating, the heating system
simulation model computes that the upward shithefrequired temperatures is
responsible for an increment of the primary enefgmand of only 1 thof natural

gas equivalents.

Dehumidification

For some 4000 hours a year, during the night anduindays, the input of vapor by
evaporation of the canopy exceeds the withdrawalmaisture by leaking and
condensation. In those hours, a greenhouse tenolsctome unfavorably humid. For
about 2500 hours a year, the greenhouse has tadiedcwhich yields a large
condensation flux on the coolers. The remaining$fioespecially from December till
February, the evaporation is only small and thedeosation capacity at the cold
cover is large. These factors result in an accéptab even an unfavorably low
humidity.



To avoid humidities too high during the 4000 poiaht problematic hours, the
Sunergy Greenhouse lets in outside air and does apmly mechanical
dehumidification (comprising of a condensing heath@nger followed by a reheating
heat exchanger in an air treatment unit).

To show that this choice saves primary energys llippose that a canopy evaporates
20 grams of moisture per hour and that condensaitnohleakage removes 10 grams
of moisture from the air. Now suppose that that I@egrams of vapor excess is
withdrawn from the greenhouse air by circulatingmi®Oper nf per hour along a heat
exchanger, kept at a mean temperature of 12 °Ch ®\Miressure drop of 100 Pa in the
slurves and an electricity to pressure conversfbaiency of 0.25, this air circulation
requires 1 W/rhof electric power. In case the greenhouse aifi§Q with a relative
humidity of 85%, a cold exchanger can remove tiliggdams of moisture per hour,
but, assuming a 50/50 percent sensible/latent atibe cooling surface, the 6.8 watts
of dehumidification is accompanied with 6.8 watfsair cooling. When this cold
surface is kept cold by a heat pump with a COP, @ahd electricity consumption for
the 13.6 W sensible+latent heat extraction is {&:86) = 4.5 W. When adding the
electricity consumption for the air circulation aexjpress the dehumidification with a
single performance figure, this way of dehumidifica costs 0.55 W of electric
energy per gram/hour dehumidification.

In case the same amount of dehumidification iseadd by letting in outside air of 12
°C and 90% RH, having an absolute moisture contén®.5 g/nt, the required
amount of outside air is 12 / (14.9-9.5) = 2.3/tm In this formula 14.9 is the
absolute moisture content of the greenhouse aithéai this outside air to 20 °C, a
heating power of ((20-12)*2.2*1200/3600) = 5.9 \gat required. In case this heat is
produced by a similar heat pump, the required armotielectric power to the heat
pump is only 59/4 = 1.5 W. Thus, in this circunmstas, the 10 g/(hr)
dehumidification can be realized with only 1.5 W fiee heat pump and the same 1 W
for the air circulation, giving a performance factd 0.25 W of electric energy per
gram/hour dehumidification.

When analyzing the outside and inside conditionh@&4000 potentially problematic
hours it appears that the weather circumstancdiseirNetherlands are such that this
using outside air for dehumidification is almosvays requires the lowest amount of
electricity per unit of dehumidification.
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Fig.2. A sketch of the interior of the air treatrhanit
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Fig.3. Energy supply system performance figures oéarly year round period of
measurements on the Sunergy Greenhouse.
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Fig.4. Required supply water temperature to heatilnergy Greenhouse at 20 °C as
a function of the power demand with the air treatmanit as the dominant
heating device or the pipe-rail system as the dantirheating device



