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Abstract

A greenhouse climate-crop yield model was adapted to include additional climate modification techniques
suitable for sustainable greenhouse management at high Iatitudes. Additions to the model were
supplemental lighting, a secondary heating system and heat harvesting technologies. The model: 1)
includes the impact of different light sources on greenhouse air temperature and tomato production 2)
includes a secondary-heating system 3) calculates the amount of harvested heat while lighting. The crop
yield model is not modified, yet it is validated for a tomato semi-closed greenhouse equipped with HPS
lamps (top-light) and LED (inter-light) in Norway. The combined climate-yield model is validated with data
from a commercial greenhouse in Norway. The results show that the model is able to predict the air
temperature with sufficient accuracy during the validation periods with Relative Root Mean Square Error
lower than 10%. The tomato yield was accurately simulated in the cases under investigation, yielding a
final production difference between 0.7% and 4.3%. Lack of suitable data prevented validation of the heat
harvest sub-model, but a scenario calculating the maximum harvestable heat in an illuminated greenhouse
is presented. Given the cumulative energy used for heating, the total amount of heating pipe energy which
could be fulfilled with the heat harvestable from the greenhouse air was around 50%. Given the overall
results, the greenhouse climate(-crop yield) model modified and presented in this study, is accurate
enough to support decisions about investments at farm level and/or evaluate beforehand the possible
consequences of environmental policies.

1. Introduction

The multiplicity of greenhouse designs existing worldwide follows from their adaptation to climatic,
economic and social conditions. To nhame but a few: the local climate, the availability and quality of the
resources (e.g. water, energy), the capital availability, the market size, the local legislations (Hanan, 1998;
Van Heurn & Van der Post, 2004; Van Henten et al., 2006). The choices underlying a greenhouse
investment are primarily dependent on the producer’s personal view and experience (Von Elsner et al.,
2000). However, there is a high risk associated with such decisions in a landscape characterised by a
dynamic behaviour of the factors mentioned above both in the short term (such as energy costs, product
prices) and the long term (such as shifts in social acceptance or climate change) which makes the
profitability of investments difficult to predict.

The greenhouse production system is a result of multiple and complex climate-crop interactions taking
place simultaneously and reacting with different response time and patterns (Challa & Van Straten, 1991).
Mathematical models, built on solid physical and physiological knowledge help in understanding these
processes and addressing the complexity of the system. A greenhouse-yield modelling approach enables
to run different hypothetical scenarios for given climatic conditions, to simulate the effect of pre-defined
improved design elements and climate management on the indoor greenhouse climate and yield (Vanthoor,
Stanghellini, de Visser and Van Henten, 2011a and 2011b). For an overall optimization of the greenhouse
system, the costs and economic return as well as the resource use need to be considered (Vanthoor et al.,
2012).
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On a farm scale, a modelling approach supports decisions as it allows to evaluate beforehand the
consequences of greenhouse investments (e.g. greenhouse structure, climate equipment) and
management (e.g. of climate and crop) on productivity, financial outlook and resource requirements.

On a larger scale, the knowledge and results of such an objective evaluation can guide policy makers and
financial institutions at Governmental and sub-national levels as well as local authorities (e.g. for water
and energy management) in offering subsidies, defining research programs and setting guidelines and
(environmental) rules in view of a greenhouse sector that is, at once, more cost-effective and sustainable.
Technological and process innovations realised in the greenhouse business can improve the energy-
efficiency and sustainability of the system (Breukers, Hietbrink, Ruijs, 2008), possibly to reap marketing
benefits as well.

The limiting conditions typical of greenhouse crop cultivation in Norway and other temperate regions at
high latitudes, make it a common practice the use of supplementary lighting to maximise yield and ensure
year-round production (Moe, R., Grimstad, Gislerod, 2005; Verheul, Maessen, Grimastad, 2012) and of a
split heating system (use of the so called ‘grow pipe’, an additional low-temperature pipe placed within
crop rows).

Solutions which can lower the heat and electricity demand, costs and environmental issues deriving from
current fossil-based energy systems, are important for the overall resource use efficiency of greenhouse
horticultural production. It happens rather often that the heat generated by the lights exceeds the heat
demand of the greenhouse. Normally this excess of energy, consisting of sensible and latent heat, is
discharged by ventilation, thus constituting a system energy loss. Alternatively, the excess of solar
radiation, usually experienced in summertime, or the excess energy in presence of artificial light can be
harvested by heat exchangers, heat pumps, and storage buffers to be used in periods of heating demand
as an option to decrease heat input. In this study, the greenhouse climate model developed by Vanthoor
et al. (2011a) is adapted to include additional control techniques such as artificial lights, a secondary
heating system and heat harvesting, to make it suitable for whole year greenhouse management under
high-latitude conditions.

The new model presented in this study fulfils the following requirements:

1) To include the impact of different light sources on greenhouse air temperature and tomato
production;

2) To include a secondary ‘grow pipe’ heating system;

3) To calculate the possible contribution of heat harvesting to energy saving.

The adaptions are performed in the greenhouse climate part of the model, since the new climate control
techniques mainly influence the greenhouse climate. The artificial light will also increase the PAR absorbed
by the crop, which will be accounted for in the greenhouse climate model when calculating crop
temperature. Since this is an input of the crop yield part of the model, no changes to the crop yield model
are needed, as the assumption about interception of light by the canopy affects the climate model.
Therefore in this study only the adaptations to the greenhouse climate part of the model are described.
However, as the crop model had not been previously validated under supplementary light, a validation of
both the greenhouse climate model and the crop yield model (under two configurations of supplementary
light) is presented.

2. Model adjustments

2.1 Light and heat fluxes from artificial lights

Lamps of all types convert electrical energy into light, convective heat and Far InfraRed radiation (FIR).
The most common light sources used in greenhouses nowadays are the High Pressure Sodium (HPS) lamps
and Light Emitting Diode (LED) lamps. The main difference between these lamps lies in the



94
95
96
97
98
99
100
101

102
103
104
105
106
107
108
109
110
111
112
113
114
115
116

117
118
119

120

121
122
123
124
125
126
127
128
129
130
131
132
133
134
135

136

137

138
139
140

efficiency-expressed as PAR output per input unit of electrical energy-being higher for LED than for HPS
lamps (Persoon & Hogewoning, 2014). Moreover, HPS lamps emit Near InfraRed radiation (NIR, about
15% of the electrical input), while LED lamps do not (Nelson & Bugbee, 2015). HPS lamps exchange more
Far Red, thermal Radiation (FIR), since the temperature of the HPS armatures becomes much higher than
that of the LED armature, whereas the LED lamps whose armatures are designed to facilitate cooling, loose
relatively more heat by convection. For the high temperature they reach, HPS lamps are always placed
well above the canopy, whereas LED lamps can be placed as inter-lighting system (between the canopy),
as well as top lighting (above the canopy).

2.1.1 Differences between HPS, LED top lighting and LED inter-lighting

The PAR absorbed by the canopy (that is, the extinction coefficient for PAR light) is assumed to be equal
for sunlight, HPS and LED top-lighting since these sources are located above the canopy. When using LED
inter-lighting the height of the lamps in the canopy influences considerably the light absorption as described
by Dieleman et al. (2015). However, they found that for lamps located at a height between 1.5 and 2.1 m
within a tall, well developed canopy, light absorption was above 90% and still there was light loss towards
the cover and the soil. Janse, Weerheim and Dieleman (2018) measured 95.6 % light absorption by a
cucumber crop on a horizontal plane from inter-crop LED modules and 96% for light from the top. Based
on these results we have assumed here that the light absorption by a canopy can be described similarly
for a LED top-lighting and LED inter-lighting system, that is, there is no need to introduce a separate
extinction coefficient for light given by LED elements within the canopy. This is obviously true for a dense
canopy with a spherical leaf angle distribution, whereas it would not hold for crops with a preferential angle
(such as perfectly horizontal leaves and light coming either from above or the side). Therefore this
hypothesis should be verified before application to crops with a preferential (nearly horizontal or vertical)
leaf angle distribution.

The FIR fluxes of the LED lamps depend on the location of the LED in the canopy. The LED top lighting will
emit more FIR to the upper part of the greenhouse (screen, greenhouse cover, or to the sky) whereas the
LED inter-lighting will emit more radiation to the canopy.

Summarised the following is assumed:

- 1 mol intercepted PAR from HPS lamps has a similar impact on crop yield to 1 mol intercepted PAR
from top and inter-canopy LED light or natural sunlight.

- The HPS lamps emit both PAR and NIR in the shortwave spectrum (28% and 15% of the electrical
input, respectively), whereas there is no NIR component in the shortwave spectrum of the LED
lamps.

- Temperature of the lamps is not modelled. A fixed fraction of the electrical input of the lamps is
converted into convective heat loss and a fixed fraction into FIR energy loss (these fractions are
different for HPS and LED).

- The FIR of the HPS lamps is emitted both down (60%) and upwards (40%).

- The FIR of the LED lamps is emitted both down (50%) and upwards (50%).

- The FIR exchanged between the lamps and the heating pipes is neglected.

- When lights are switched off there is neither FIR nor convective heat exchange with the
surroundings.

- The FIR radiation fluxes of inter-canopy LED lamps will change based on height of the LED lamps
in the canopy.

This means that the electrical input of the artificial lamps is equal to the sum of the following fluxes.
PLamp = RPAR,Lamp + RNIR,Lamp + HLampAir + RLampCan + RLampFlr+RLampThScr + RLampCmJ,in + RLampSky [W m-Z] (1)

where Rpg 1amp IS the PAR output of the lamp and Ryg 1amp iS the NIR output of the lamp. Hygppar is the
convective heat flux from the lamp to the greenhouse air and Ry qmpcans Rramprirs Ruamprhsers Ruampcov,in @nd
Riampsky are the FIR radiation fluxes from the lamps to the canopy, floor, thermal screen, cover and sky
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respectively. As the temperature of the lamps is not calculated, the (prefixed) upward and downward
radiation is allocated among the receiving elements in the measure that it is intercepted by them. An
overview of the state variables and fluxes affected by the introduction of the lamps is given in Figure 1.
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Figure 1 Detail of the state variables (blocks), external climate input (circle), radiation and
convective heat fluxes (coloured arrows) of the greenhouse climate model, concerning the
supplemental lighting (HPS and LED). The fluxes are additional to those already reported by
Vanthoor (2011a, p 368). "T” represents the temperature of floor, air, thermal screen, canopy, cover
(inner side) and sky whereas "P” is the electrical inputs of the artificial lamps.

2.2 The grow pipe

The grow pipe is handled within the model similarly to the primary (‘pipe rail’) heating system. However,
in view of the different configuration, the formula for calculating the heat exchange coefficient was slightly
different, as proposed by De Zwart (1996, p 86). On the other hand, the thermal radiation exchange was
split between the upper and lower hemispheres, depending on the amount of leaf area above and below
the pipe, respectively. In particular, the fraction of LAI above and below the ‘grow’ pipe determines the
view factor for its FIR radiation exchange with the canopy and all underlying greenhouse elements.

2.3 Heat harvesting and buffering

The excess heat is harvested through a heat exchanger and is stored as water of around 15 °C in a cold
water buffer. A heat pump increases the temperature of this water to around 50 °C before being stored in
a hot water buffer, for later use as a heating source. Figure 2 shows the overview of this subsystem.
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Figure 2 Overview of the system to harvest the excess energy in the greenhouse air. The system
consists of a heat exchanger, a cold water buffer, a heat pump and a hot water buffer. The
temperatures are shown to give an order of magnitude of the energy.

The following assumptions are made regarding this sub-model:

- Two extra model states are added to the model: the energy content of the cold and hot water
buffers (MJ m-2)

- Constant temperatures for the minimum and maximum temperatures of both the cold and hot
buffer are used, with a constant coefficient of performance (COP) of both the heat exchanger and
the heat pump.

In principle the COPs of the heat exchanger and heat pump as well as the minimum and maximum
temperatures of both the cold and hot buffer should change slightly, based on temperature and humidity
variations. However as most applications of the model require full crop cycles to be simulated, the use of
average values for these variables seems reasonable.

3. Model description

3.1 State equations

To include the artificial lights, heat harvesting and secondary pipe heating, the following model states of
the greenhouse climate model are modified and added with respect to the greenhouse climate model of
Vanthoor et al. (2011a). The model calculates the variation in all state variables (temperature, vapour and
carbon dioxide content) of each element of the greenhouse system (canopy, cover, floor, etc) as follows
from the corresponding balance (energy, mass) equation. The variables in round brackets “()”here below
are related to the incorporation of the artificial lights, the variables in square brackets “[]” are related to
the secondary grow pipe heating and the variables in curly brackets “{}” are related to the harvesting of
excess energy from the greenhouse air. Remaining variables in Egs. 2-9 were not changed with respect to
the original model and therefore not described in this study. The new model fluxes are described in the
following sections.

The temperature of the canopy, T, is described by:

CapcanTCan = (RPAR_GhCan + RNIR_GhCan) + RPipeCan + [RGrowCan] + (RHpsCan + RLedCun)
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_HCanAir - LCanAir - RCanCov,In - RCanFlr - RCanSky - RCanThScr
(Wm?]  (2)

where R, H and L indicate radiation, sensible heat and latent heat, respectively; capc.» is the thermal
capacity of the canopy, per unit greenhouse area [J K m™2] and the suffix GhCan indicates solar radiation
transmitted by the structure and absorbed by the canopy.

The temperature of the air, Ty, is described by:
capairTair = Heanair + Hpadair + Hyecnair + Hpipeair + [Herowair] + Hpasair + Hpiowair + (Reiob_sunair Hupsair + Hieaair)
—Hpirrr — Hairrnser — Hairout — Hairrop — Hairoutpay — Lairrog
(Wm=2] (3)

The contribution of sun radiation to air temperature is modified to take into account light interception by
the lamps, Eq(13). The suffixes PadAir, MechAir, BlowAir refer to outlet air of cooling pad, mechanical
cooling and direct air heater.

The temperature of the floor, Ty, is described by:
capriTrir = Hairpir + (Rpar_oner + Ruir_onre) + Reanrir + Rpiperir + [Rerowrir] + (Rupsrir + Riearir)
_HFlrS()l - RF’lTCov,in - RFlrSky - RFerhSCr
[(Wm2] (4)
The temperature of the thermal screen, Ty, is described by:
capruser Truser = Hairthser + Lawthser + Reanthser + Rewrhser + Rpipernser + [Rerowrhser] + (Rupsthser + Riearnser)
—H ThScrTop — Repscrcov,in = RThSchky
[(Wm?] (5)
The temperature of the inner side of the cover, T, ,, is described by:
€aPcov,mTcovin = Hropcov,in + Lropcovin + Reancovin + Rrtrcov,in + Rpipecov,in + [Rerowcov,in] + Rrnsercov,in
+( Rupscov,in + Riedcov,in) — Heov,incov,e
[Wm2] (6)
The temperature of the elements of either pipe heating system, Tp,,,, is described by:

CapPipeTPipe = HBoilPipe + HIndPipe + HGeoPipe + {HBu/ hnLPLpe} - RPipeSky - RPipeCov - RPipeCan - RPipeFlr - RPipeThScr

- HPipeAir
(Wm?]  (7)

where all possible sources of energy are explicitly considered (boiler, industrial waste heat, geothermal
and the buffer), and the calculation of the relative energy flow is based on heating set-points and capacities
(caper, caprhser etc). The FIR fluxes are described using Stefan Boltzmann’s equations as described in
Vanthoor (2011) and Hppeq;r IS the convective heat exchange between the grow pipe and greenhouse air.

The energy content of the cold water buffer, Eg,scq (MJ M), is described by:



223

224
225
226

227

228

229

230

231
232
233
234
235

236
237

238

239

240

241
242
243

244

245
246
247

248
249

250

251
252
253

254
255

256

257
258

{Conﬂu/ EBu/'L‘old = _HMeL‘hAir + LALrMec}L - HBu['mldHeaLpump} [W m-Z] (8)

Where cong,f is the conversion from Joule to Megaloule, Hyecnair @aNd Lyirmecn are respectively the sensible
and latent heat harvest by the heat exchangers (these fluxes are described by Vanthoor, 2011) and
Hpyfcotaneatpump 1S the heat flux from the cold buffer to the heat pump.

The energy content of the hot water buffer, Eg,n,c (MJ M), is described by:
{ConBufEBu[hn[ = HlleatpumpBuf}mt - HBu/ho[pipc} [W m-Z] (9)
where Hyearpumpsurnoe 1S the heat flux from the heat pump to the hot water buffer.

3.2 Artificial lights
3.2.1 Global radiation fluxes

The amount of sunlight transmitted by the cover, that is absorbed by the construction elements below is
described by:

_ -2
Rgiob_sunair = Neiob_airlgion (TCov,PARUGlob,PAR + TCm;,NIerclob,NIR) [Wm™=] (10)

where n¢,5_4ir 1S the fraction of incoming radiation that is absorbed by all greenhouse elements below the
cover, including the artificial lamps, described as follows:

Ngiob_air = Nciob_constr T Nelob_Hps T NGlob_Led 1 (11)
with:

Anips
NGlob_Hps= AHTI:I 1 (12)

with Ay,s the horizontal projection of the lamps. The variable 4., is calculated in the same way. Hereby is
the fraction of sun radiation loss by reflection of the lamps armatures neglected. Parameter values are
described in section Appendix (Tables Al and A2).

3.2.2 PAR fluxes
The PAR emitted by the HPS lamps above the canopy is calculated as follows:
Rpar_tps = €nps_parUnpsPrps [Wm2] (13)

with Py, the electrical input of the lamps (W m-2); Uy, is the control (0 or 1) of the HPS lamps and &y, par
(-) the fraction of electrical input that is converted to PAR light (W m™2), calculated as:

NH;
€Hps_PAR = Wﬁ -] (14)

with ny,s (Mmol Joule™) is the amount of pmol PAR per Joule electrical input and 5,5 par (HMol Joule™) is
the amount of pmol PAR per Joule PAR output of the lamp. The emitted PAR by the LED lamps, Rpag 1eqa, IS
described in the same way.

The PAR above the canopy, accounting for reduced transmission caused by the lamps, see Eq(13), is
described by:

Rpap gn = (1 - Ualob_Air) " Tcovpar “MNalobpag * lciob + Rpar_tips + Rpar_Lea [Wm2] (15)

The total PAR absorbed by the canopy, Rpar ¢nean, i Calculated according to the standard exponential model,
analogously to equations 25, 26 and 28 of the e-appendix of Vanthoor et al (2011a). The total PAR absorbed
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by the floor, Rpar curir, i calculated analogously to equation 34 of the e-appendix of Vanthoor et al.
(2011a).

3.2.3 NIR fluxes

Similarly, the amount of NIR emitted by the HPS lamps is described by:

Ryir_tps = €nps.NiRUnpsPrips [Wm2] (16)
With ey,,5 vir the fraction of electrical input (-) that is converted to NIR light (W m™2). Uy,

Since LED lamps do not emit NIR light, the total NIR flux to the canopy and floor is described as follows.
Ryir_ghcan = (1 - Tlalob_Air) " Acannir *NalobNIR " Lcion + Acannir * Ruir_nps [Wm2] (17)
Ryir 6hrir = (1 - UGZOb_Air) * AFirnir " Nelob_NiR * Lglob + AFirnir 'RNIR_Hps [w m-z] (18)

in which agq,.vir @and ag,yr are the NIR absorption coefficients of the canopy and floor, respectively, which
are calculated by applying the standard exponential model to a multi-layer representation of the canopy
(see equations 14-17 of the e-appendix of Vanthoor et al., 2011a). Obviously, the resulting overall
absorption coefficients depend among others on the LAI of the canopy.

3.2.4 FIR heat fluxes

Since
Prea = Rpar_rea + Rnirrea + Hieanir + Rieacan + RrearirtRiearnser + Rieacov,in [Wm2] (19)

the FIR emitted downwards by both top-lighting and inter-lighting is described by:

Rieal = (PLed — RpaR Lea — RNIR_Led) *MNred_FIR " MNLed_FIRL (W m-z] (20)
Rieacans = Rieay - (1 — e~ KFirMied LarLal) [Wm=2] (21)
Ricarir = Rieq - € KFIRMLed LarLAl [Wm2] (22)

with 7..4 71z is the fraction of the energy input not used to make PAR and NIR light, that is converted to
FIR exchange and n,.4 rry is the fraction of the FIR that is exchanged downwards and n,.4 14, defines the
fraction (ranging from 0 to 1) of the LAI due to the leaves that are located below the LED lamps. Kgr is
the canopy extinction coefficient for thermal (longwave) radiation.

Conversely, the FIR emitted upwards by both top-lighting and inter-lighting is described by:
Rpear = (PLed — RpaR Lea — RNIR_Led) *MNLed_FIR * (1 - ULed_FIRL) (W m-z] (23)
RLedCanT = RLedT : (1 - e_KFIR(l_nLEd’LAI)LAI) [W m-Z] (24)

_ ~Kpir(1- LA 2
Rycatnser = Riear - @ KPR e ta)t Al gy oo e oorip [Wm=] (25)

where Umscr is the control of the thermal screen (contained between 0, folded and 1, fully unfolded), ¢
indicates the emissivity.

-K 1- LAI -
Rieacov,in = Riear - € riR(1-hea. 1) “TenserriR * ERFFIR [Wm2] (26)

_KFIR(l_nLediLAI)LAI

Rieasky = Riear- € * TPhscrriR " TRFFIR [Wm2] (27)

with t¥smr @nd gers the far infrared transmission coefficient for thermal screen and cover, respectively.
Finally, the overall FIR radiation to the canopy is described by:
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RLedCan = RLedCanl + RLedCanT [W m-Z] (28)

For the HPS lamps the equations 20 - 28 apply as well, but then with the restriction that ny,s 14, = 1 since
the HPS lamps are located above the canopy.

3.2.5 Convective heat fluxes
The convective heat flux from the artificial lights to the greenhouse air is described by:

HHpsAir = (PHps - RPAR_Hps - RNIR_Hps) ) (1 - ans_FlR) [W m-Z] (29)

The convective heat flux for the LED lamps is described analogously, yet accounting for the absence of FIR
emission.

3.3 Heat harvesting from greenhouse air
The heat flux from the cold buffer to the heat pump which is described by:

HBufcoldHeatpump = (COPHeutpump - 1)UHeatpumpPHeatpump [W m—Z] (30)

where the COPyeqpump Of the heat pump is calculated based on the efficiency of the heat pump and on the
temperature of the cold and warm side of the heat pump, Uycatpump IS the control of the heat pump (ranging
from 0 to 1) which is calculated based on the filling percentage of the cold and hot water buffer. If the hot
water buffer is not full and the cold water buffer is not empty then the heat pump is allowed to run.
PyeatpumpiS the electrical consumption of the heat pump.

The heat flux from the heat pump to the hot water buffer is described by:

HHeatpumpBufhot = COPHeatpump UHeatpumpPHeatpump [W m—Z] (31)

The heat flux from the hot water buffer to the heating pipes is described by:
HBufhotpipe = UBufhotPBufhot [W m-Z] (32)

Where Pgyfpo: is the maximum heat flux that can flow from the hot water buffer to the heating pipes and
Upurnot (0 to 1) is the control of the heat flux from the hot water buffer to the heating pipes which is
calculated based upon greenhouse heating set-points.

3.4 Secondary heating system, the grow pipe

The FIR fluxes related to the secondary grow heating pipe are described using Stefan Boltzmann’s
equations as described in Vanthoor (2011). The surface of the heating pipe is described by:

Agrow = TtlgrowPerowse [mZ] (33)

where I, IS the length of the grow pipes per square meter greenhouse and @;,,.,..is the external diameter
of the grow pipe. It is assumed that the height of the grow pipe can vary but it must be above the roots
and below the head of the crop. Similarly as done with inter-lighting, the height of the grow pipe is
expressed by the fraction of LAI that is located below the grow pipe, ngrow 1ar- If ngrow 1ar €quals 1, than the
grow pipe is located above the canopy. The thermal radiation exchange of the grow pipe is allocated among
the greenhouse elements according to their “view factors” as described in Table 1. The view factors are
based on De Zwart (1996, pp 95-98). Obviously, the sum of all view factors is 1.

Element View factor from the grow pipe
canopy Ferowcan = 0.5(1 — e_KFIR(l_nGrow_LAI)LAI) + 0.5(1 — e ~KFIRMGrow LarLAD)
floor FGrowﬂrzo_5€—KF1R'TIGmw,LA1'LA1
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thermal

— -K 1- LAI
screen Forowrnser = Urnser (1 = Trnserrir) 0.5e KFIR(I=Mrow 1a1)
cover FGroow;,in = [(1 - UThScr) + UThSc‘r TThScr ](1 - TCov)()'Se_KF'R(l_nGTOW’LAI)LAI
Sky FGroWSky = [(1 - UThScr) + UThScr TThScr ]TCov O-Se_KFIR(l_nGmW’LAI)LAI

Table 1 The view factors, indicated by From7o, from the grow pipe to the relevant greenhouse
elements, used to allocate the FIR exchange among them.

The convective heat release from the grow pipe is calculated based on De Zwart (1996):

HGTOWAir = 1-287T®Graw'e0'75 lGTOW(TGTGW - TAir)l'ZS [W m2] (34)

4. Model validation

The model equations were solved with a moderately stiff ODE solver (ode23t) of Matlab (Release 16b; The
MathWorks Inc., Natick, MA, USA).

First of all, the performance of the crop yield model, under two different configurations of supplementary
lighting, was independently evaluated with measured tomato yield obtained in two greenhouse
compartments ("NIBIO Saerheim”) in Klepp (Rogaland county, Norway, 58° 46" N, 05° 39' E). Canopy
temperature together with hourly greenhouse variables such as outside global radiation, PAR radiation
from artificial lamps, CO, air concentration, were used as model inputs, to test its accuracy in simulating
measured yield under different light sources. The details on crop cycle, lighting systems and model inputs
are given in paragraph 4.1.

The combined greenhouse climate-crop yield model was validated with a dataset from a commercial
greenhouse with supplementary lighting, located in a marine temperate region in Norway (Orre, Rogaland
county, 58° 42’ N, 05°31 'E). Measured data of outdoor climate, settings of control valves and temperature
of both rail and “grow” pipe systems, were used as model inputs. The details on greenhouse design are
given in paragraph 4.2.1 The accuracy of the model was tested with respect to prediction of greenhouse
air temperature (during three preselected winter, spring and summer periods), and crop yield along the
growing cycle. Model performance was quantitatively evaluated using the Relative Root Mean Square Error
(RRMSE) as described by Kobayashi and Salam (2000).

4.1 Crop yield model

In order to check the performance of the crop yield model alone with respect to supplementary lighting,
the temperature of the crop should be known. The closest available data derived from an experiment in
which leaf temperature had been incidentally measured. Thus, leaf temperature measurements taken
during 10 days along the cropping cycle were used to calculate leaf-to-air temperature differences under
light (sun and/or lamp radiation sources) and dark conditions. Canopy temperature during the whole
cropping cycle were estimated from those differences.

A tomato crop (cv. Dometica) was grown in two compartments, both with HPS lamps and one of the two
with additional LED inter-lighting, two rows of LEDs between plants at a height above ground of 1.50 m
and 1.85 m, respectively. The HPS lamps were used in both compartments for a maximum of 15 h day*
(during the first 6 weeks) and 18 h day! (from week 7 until harvest) and were switched off when outside
global radiation was higher than 250 W m-2. LED inter-lighting started when total plant height exceeded
about 2.75 m, and the lamps were used for a maximum of 15h day? (week 5 to 7) and 18h day* (from
week 7 until harvest).

The crop was grown in a summer cycle (transplanted on May, 4™ 2017 with a density of 4.5 plants m™2).
The 24 hour mean canopy temperature was maintained between 21-24 ° C (in the compartment with HPS)
and 21-24.5 ° C (in the compartment with HPS and LED). The crop cycle lasted 98 days, with final harvest
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carried out on August, 10™ 2017. Table 2 reports an overview of the data that were needed to run the

model for the validation study at the experimental greenhouse at NIBIO in Klepp.

HPS HPS/LED

Klepp Klepp
Location
Latitude 58°46'N
Longitude 05°39’E
Elevation (m a.s.l.) 102
Average daily global outside radiation 148
during the experiment (M] m? day 1)
Crop production data
Start growing cycle 04-05-2017
End growing cycle 10-08-2017
Cultivar Dometica
Greenhouse transmission 60% (56% below lamps) 60% (56% below lamps)
Installed power HPS (W m?2) 286 286
Efficiency HPS (umol PAR J1) 1.22 1.22
Installed power LED (W m2) - 70
Efficiency LED (umol PAR 1) - 2.3
LA Max 4.45 4.35
SLA (cm 2 g1{DM}) 313 319
Dry matter content fruit DM(%) 5.99 6.15
Initial conditions
Start simulation 04-05-2017 04-05-2017
Tcansumo (°C) 650 650
LAIo (m? m?2) 0.3 0.3
ClLeafo (Mg {CH20} m2) 9.6 x103 9.4x103
Cstemo (mg {CH20} m?) 9.6 x103 9.4x103
Indoor climate
Mean canopy temperature (°C) 22.5(3.3) 22.9 (3.5)
Mean COz concentration at daylight (ppm) 682 (209) 610 (186)

Table 2 Greenhouse, crop and climate for the experimental greenhouse at NIBIO in Klepp.
Greenhouse data transmissivity was measured, the characteristics of the lighting systems were
nominal, as provided by the manufacturer, crop data were measured and climate data were
downloaded from the climate control computer, connected to a weather station outside and ventilated
sensors inside.

Small plants were transplanted with the first truss flowering. Measured leaf area, plant density and leaf
dry matter were used to determine initial leaf carbohydrates (Cearo) and the initial stem and root
carbohydrates were set equal to Ciearo. Leaf area and leaf dry matter were measured in both compartments
almost twice a week, from June 25 till the last harvest. The measurements were taken on sample plants
on the first fully developed leaf and on the oldest leaf at harvest time. SLA (Specific Leaf Area) was
calculated as ratio between the measured leaf area and leaf DM (Dry matter). Results show that SLA was
constant during the whole experiment (so an average value was taken). Climate conditions prior to
transplanting were not recorded, therefore the temperature sum at transplanting (a model input, indicator
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of “plant age”) was estimated in order to match simulated and measured first fruit set. Dry matter content
of the fruits at harvest was determined.

4.2 Combined greenhouse climate-crop yield model

4.2.1 Greenhouse design

The greenhouse compartment used for validation had an area of 5760 m? and clear glass as covering
material. It was equipped with pipe rail and secondary ‘grow pipe’ heating systems, CO, enrichment, HPS
lighting, movable thermal screen and natural ventilation (with alternate roof vents both sides, projected
opening area 15% of floor area). Air temperature was controlled between 19-24 ° C. Tomatoes (cv.
Dometica) were grown in a sequential intercropping system with 3 plantings over the years 2015 and 2016
(details in Table 3).

The supplementary lighting was 600W HPS lamps (MASTER Green Power CG, Philips, The Netherlands),
with an installation capacity of 0.386 lamps m™ and electrical capacity of 230 W m2. Since half of the
lamps were replaced during the period under investigation, with more efficient ones (1.8 umol J'* nominal)
an “average” efficiency value of 1.4 umol J-* was used for the whole period. The dimensions of each lamp,
including reflector and housing, were 68 x 22 x 20 cm (length x width x height). Thus, the surface (Ayy;)
of HPS lamps that lowers the incoming amount of PAR and NIR was calculated as 6 % of the floor area.
The light transmission measured above and below lamps was 68% and 63%, respectively. Artificial light
was used for a maximum of 18 hours day (from 4 am to 10 pm) during the entire growing cycle, unless
solar radiation exceeded 250 W m-2,

4.2.2 Climate data collection and model inputs

The outdoor (Igiob, Tout; RHout, Vwing) @nd indoor (Tair, RHair, CO24ir) climate data of the commercial greenhouse
in Orre were downloaded from the central climate process computer. The vapour pressure of the
greenhouse air (VP,r) and outside air (VPo.:) were calculated from air temperature and relative humidity.
The outside CO; air concentration was not measured thus assumed to be constant at 390 ppm. The outer
soil temperature and the sky temperature were estimated as described by the equations 77 and 78 of the
e-appendix of Vanthoor et al. (2011a).

Hourly data of outdoor climate and operation of control valves were used as model inputs. However, as
there was no information on the supply rate of CO; in the greenhouse nor on the energy flow to the heating
system, measured values of CO, greenhouse air concentration (CO..r) and temperature of the heating
pipes were input into the model. As neither crop initial conditions (nor fruit dry matter content) were
known, they were set as reported in Table 2. An overview of data needed to run the model for the
greenhouse compartment with the use of supplementary light is presented in the Table 3. The validation
of yield was performed analogously to the experimental greenhouse in Klepp, as explained in paragraph
4.1, for the second crop cycle.

HPS

Orre
Crop production data
Cultivar Dometica
Start growing cycle Week 34 (2015)**
End growing cycle Week 23 (2017)
LAIMax 3
Start simulation Week 15 (2016)
End simulation Week 41 (2016)
Climate
Daily global outside radiation (MJ m2 day1) 8.8
Mean COz concentration at daylight (ppm) 1289 (595)

™ Inter-planting system:
1st planting: week 34 2015 (17-23 Aug), last harvest week 23 2016 (6-12 Jun)
2nd planting: week 15 (11-17 April) 2016, last harvest week 41 2016 (10-16 Oct)
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3rd planting: week 34 (22-28 Aug) 2016, last harvest week 23 2017 (5-11 Jun)

Table 3. Crop production data and average indoor climate conditions for the commercial
greenhouse in Orre.

5. Results
5.1 Crop yield model

The model accurately predicted the measured tomato yield in the experimental greenhouse in Klepp, with
a final production difference of 0.7% (in the compartment equipped with HPS lamps only) and 2.0% (in
the compartment with hybrid system of HPS and LED inter light). Measured values and simulated values
were 23.51 and 23.34 kg m2in the first compartment and 23.73 and 23.25 kg m2in the second one
(Figures 4a and 4b).

5.2 Combined greenhouse climate-crop yield model

The performance of the model in calculating air temperature was analysed for three periods winter, spring
and summer), whose average climate conditions are reported in Table 4. As inter-planting ensured the
presence of a mature crop throughout the validation periods, LAI was assumed to be constant at 3.

Location Iglob_sum Tout Vpout RHout Vspeed R
and type of DOY Tair
light source M] m2d-1 °oC kPa % m s [%]

Orre, HPS  53-60  6.1(L6)  27(20) 06(0.1) 86.1(7.0) 3.3(2.0) 9.6

Orre, HPS 113;’5; 235(1.4) 88(L.8) 08(0.1) 720(102) 45(25) 8.8

Orre, HPS 225672 11.4(1.6) 198(24) 1.6(02) 694(89) 28(L8) 7.1

Table 4. Average conditions (standard deviations within brackets) for the three validation periods,
as determined by the weather station connected to the climate control computer of the commercial
greenhouse. DOY is Day Of Year. The rightmost column is the Relative Root Mean Square Error
(RRMSE %) of the calculated vs measured air temperature for the period

The values of RRMSE, calculated with a time interval of 1 hour, describe the model’s predictive accuracy.
They resulted lower than 10% in all the periods under investigation (Table 4). The performance of the
model in predicting greenhouse air temperature during winter (Figure 3a), spring (Figure 3b) and summer
(Figure 3c) is indeed reasonably good. The model performance calculated by regressing simulated values
on measured ones, over the whole growing period, shows an underestimation trend of the greenhouse air
temperature around 4%.
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Figure 3 Validation of greenhouse air temperature. Temperature (a, b, c) of outside air (dashed red
line), measured air (solid blue line), simulated air (dotted green line) during winter (DOY 53-60),
spring (DOY 133-139) and summer period (DOY 257-262) in the Orre greenhouse.

The model slightly overestimated (4.3%) the measured tomato yield obtained during the second-planting
cycle (week 15 - 41 of 2016). Simulated and measured values were 41.29 and 39.50 kg m2, respectively
(Figure 4c). Considering that there has been no calibration of the initial crop conditions, this is deemed
good enough.
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Figure 4 Validation of crop yield model. Simulated (solid line) and measured (dotted line) tomato
vield (kg m=2, fresh weight) at the experimental greenhouse in Klepp, equipped with HPS (a) and
HPS and LED inter-lighting (b). In figure (c) the simulation is based on crop temperature calculated
by the model and refers to the second crop cycle of the commercial Orre greenhouse.

6. Heat harvest: scenario calculation

As said above, the heat harvesting sub-model could not be validated. Nevertheless, as it was based on
well-known, textbook equations (Stanghellini, van 't Ooster, Heuvelink, 2019) the model was deemed
suitable to compute the maximum amount of harvestable heat which could have contributed to fulfil the
actual heating requirement of the Orre greenhouse. For this purpose, the scenario included a heat pump
capacity of 50 W m and hot and cold buffer volumes of 0.01 m3® m=. The results show that the total
energy delivered by the primary and secondary pipes was 1.2 G]) m™2 (corresponding to a heat usage of
3.1 kWh kg™ of product), whereas the maximum amount of harvestable heat was 0.6 GJ m™. For this
scenario, it means that around 50% of the heating requirement could be met by the sensible and latent
heat harvested from the greenhouse air while lighting. A total of 37.9 m3 m-2 of natural gas was consumed
for heating purposes during the year-round production and 18.5 m3®m-2would have been saved if harvesting
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475 technology were implemented (net calorific value of natural gas used for calculation is 31.65 MJ m3),
476 Figure 5.

477 Figure 6, shows the monthly values of heating requirement and harvestable heat. As even in summer the
478 heating requirement exceeds harvestable heat, there seems to be no use for a long-term, seasonal energy
479 storage. This is confirmed by Figure 7, showing the daily residual heating requirement. As there is hardly
480 ever an excess of energy, a short-term, even daytime, storage buffer would seem to be an option, which
481 imply a relatively small investment. On the other hand, the figures show the limit of the energy that can
482 be recovered and make thus very explicit the need for a better insulation to reduce the heating
483 requirement, in view of the growing pressure on reducing burning of fossil fuels.
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489 Figure 6 Monthly overview of pipe heating requirement (black bars) and amount of energy potentially
490 harvestable from the greenhouse air (grey bars) at the Orre greenhouse.
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Figure 7 Daily net residual heating requirement after having harvested sensible and latent heat from
the greenhouse air. The gap (DOY 333-344) is due to missing values of heating pipe energy in the
Orre greenhouse dataset.

7. Discussion

Greenhouse crop production in Norway, as in other countries at moderate-to-high latitudes, is often limited
by low levels of natural light, especially during wintertime. The use of supplementary assimilation light
ensures production year round and constitutes an additional control over the quantity and quality of
harvested products (Heuvelink et al., 2005; Marcelis et al., 2005) when crop management is optimal and
there are no other limiting factors (e.g. temperature, CO,, relative humidity) (Hemming, 2011). High
lighting installation capacities are commonly used in Norwegian conditions and have a considerable effect
on the overall greenhouse energy budget, in addition to their effect on crop growth and development (De
Zwart, 1996). Nevertheless, all growers have to match economic feasibility of their business with [local]
legislation and social pressures.

In this study, an existing, validated greenhouse climate-crop yield model has been extended to account
for additional climate control equipment, particularly relevant for high-tech greenhouses, in view of the
need for lowering use of non-renewable energy sources. After confirming its accuracy, it is shown that it
can be used to assess the effect of structural or technological improvements to the greenhouse
configuration on yield and resource requirement. The validation results show that the model is able to
consider the impact of different light sources and their position, as well as of the additional, within-crop,
heating pipe on the greenhouse air temperature and tomato yield.

In implementing any structural or technological improvements to the greenhouse configuration, growers
face new environmental challenges and societal pressures, which require attention to resource type and
use. At the same time they have to consider the economic feasibility of the system and comply with local
legislation. Performing “what if” scenarios including different choices related to greenhouse design and
management gives the opportunity to evaluate beforehand their consequences on productivity, profitability
and resource use. This can be of primary importance to assist decision-making on a farm-scale, where
entrepreneurs encounter the risks associated to the unpredictable profitability of the investments. The
outcomes and the obtained knowledge can be used by financial institutions and policy makers to orient
subsidy programs and research plans, steering the focus toward specific strategies. Should the focus be,
for example, on a shift from seasonal to year-round production in illuminated greenhouses?

In Norway, full-year production of cucumber and tomato with the use of artificial light already showed a
yield increase of 3-4 times (compared to unlighted production) along with a reduction of 40% in the
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consumption of fossil energy (http://www.gartnerforbundet.no/hvorfor-du-bor-velge-trondersk-agurk/).
Indeed, the application of light is favoured by a relatively long winter season and the system can be fed
by green electricity coming from several renewable sources available in the country (e.g. hydropower, wind
power) (Verheul et al., 2012). Other options encompassing a more efficient use of energy (e.g. by shifting
from HPS to LED lighting system) or a general reduction of energy use by means of technical improvements
(e.g. better greenhouse insulation by efficiently combining covering materials and thermal screens) can be
also evaluated. Recently, new technologies moving towards a more closed-greenhouse concept have been
developed to reduce energy and CO, emissions in Norway (Verheul & Thorsen, 2010). In fact, the energy
costs for temperature control, dehumidification, artificial illumination and CO, supply constitute the largest
part of total production costs (Dieleman & Hemming, 2011). In Norway they account for 44% of tomato
production value (and 95% of CO, emissions) (Verheul & Thorsen, 2010) whereas in the Netherlands they
are 23% (this value refers to greenhouse with artificial light and use of CHP, Vermeulen, 2016). In Canada,
costs for heating range between 10-35% of the total production costs depending on different factors
(Ahamed et al., 2019b).

Greenhouse production at northern latitudes is subject to seasonal variation, experiencing an excess of
solar radiation during summer period and high heating demand during cold winter period. The use of heat
pump coupled with short-term or long-term storage buffers and heat exchangers allow to harvest and
store daily or seasonal surplus heat (otherwise discharged by ventilation) to compensate periods of higher
heat demand (night or winter) (De Zwart, 2009; Stanghellini et al, 2019). Indeed, heat excess and
[possibly] radiative energy input from lighting system can considerably lower the conventional gas heating
inputs. The heat contribution depends on different factors such as lamps’ type (efficiency and radiation
output), light levels and photoperiod, ventilation set points, external climate and greenhouse energy
efficiency (Brault, Gueymard, Boily, Gosselin, 1989; Ahmed et al., 2019a). In Canada, Brault et al. (1989)
estimated a heat contribution between 25-41% for a double polyethylene greenhouse and Ahmed et al.
(2019a) reported a contribution of 38% to the total heat requirement from HPS lamps (100 W m-2, 8-hour
photoperiod) at the winter solstice. By increasing the efficiency of the lighting system (e.g. LEDs rather
than HPS) and with equal PAR light level supplied, it is expected that the amount of excessive heat and
thus the subsequent heat recovery diminishes. In fact, the crop under such a system may require more
thermal energy and, if heat (and ventilation) setpoints are adjusted accordingly to maintain the desired
crop temperature (Dueck et al., 2012), this should produce less energy surplus. A scenario with a system
to harvest heat excess will also reduce the need for ventilation through both cooling and dehumidification.
The heat removal from the greenhouse air (and the recovery of the associated energy) can be performed,
for example, by means of a heat pump that regulates the surface temperature of the heat exchanger
(Kempkes et al., 2017b). In general, the reduction of ventilation will make it possible to increase and
optimise the CO, concentration in the greenhouse in relation to the lighting and thus increase yield and
energy efficiency. It is shown that a model, as described here, can help in estimating beforehand also the
effect of such climate management choices.

8. Conclusion

This study describes the modifications performed on the greenhouse climate model developed by Vanthoor
etal., (2011a) to incorporate supplementary light and secondary “grow pipe” heating system as new design
elements. The validation, carried out for both an experimental and a commercial greenhouse in Norway,
show that the model is able to predict the effect of the new design elements on greenhouse air temperature
and crop yield under various conditions with an accuracy well below 10%. Hence, the greenhouse climate-
yield model modified and presented in this study, is reliable enough to predict the result on yield and
resource requirement of “what if” scenarios.

In particular it has been shown that harvesting excess heat in lighted greenhouses, coupled to increased
insulation, could lower significantly the heating requirement of Norwegian (and other high-latitude)
greenhouses, which is presently fulfilled by burning fossil fuels. It has been also illustrated that a relatively
short-term storage could suffice, although it must be pointed out that this specific part of the model could
not be validated.
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When this knowledge is combined with economic parameters (as in Vanthoor et al., 2012), the overall
modelling approach can assist decision-making on greenhouse configuration by quantifying the impact of

adapting the greenhouse design technology to productivity and resource use.
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Appendix: input parameters of the model

amount of PAR and NIR light.

Design parameter value Symbol Value Unit Reference

Efficiency of HPS lights expressed pmol

in umol PAR output per electrical PAR/Joule

Joule input MHps 1.4 electrical Assumed
input

Efficiency of LED lights expressed in pmol

pmol PAR output per electrical PAR/Joule

Joule input MLeD 2.3 electrical Manufacturer
input

The fraction of electrical input

(W/m2) that is converted to PAR EHps_PAR - - Cilcmztﬁg rtl)ased on

light (W/m2) for a HPS lamp Sont Sont_PAR

The fraction of electrical input

(W/m?2) that is converted to PAR ELed_PAR - Calculztr?gl :ased on

light (W/m2) for a LED lamp Led Led_PAR

The fraction of leaves that are

located below the LED lamps. Value Nied LAl 0.5 Assumed

depends on location of the lamps.

With A, is the surface of the

SONT-T lamps that lowers the _

incoming amount of PAR and NIR Asont 0.06 Measured

light.

With A,.4 is the surface of the LED

lamps that lowers the incoming Apeq 0.06 - Measured

Table Al. List of lamp design parameter and symbols. HPS lamps were used both in the
experimental (Klepp) and commercial (Orre) greenhouse, LED lamps were used for inter-lighting in

the experimental greenhouse.

Fixed model parameters Symbol Value Unit Reference
The amount of pmol PAR per Joule pmol .
PAR output of the HPS lamp lHps_PAR 4.95 Joule? Plant Dynamics
The amount of pmol PAR per Joule pmol .
PAR output of the LED lamp ILED_PAR 4.6 Joule? Philips
Ratio of the energy input of the HPS
lamp not used to make PAR light NHps_FIR 0.83 - Philips
that is converted to FIR exchange
Ratio of the energy input of the LED
lamp not used to make PAR light NLed FIR 0.30 - Philips
that is converted to FIR exchange
Ratio of the FIR exchange that is
emitted downwards. NHps_FIRL 0.60 Assumed
Ratio of the FIR exchange that is
emitted downwards. NLed FIRL 0.50 Philips
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The fraction of electrical input
(W/m?2) that is converted to NIR Esont_NIR 0.15 Measured
light (W/m?2) for a HPS lamp
Table A2. List of fixed model parameters and symbols concerning the artificial light.

Figure captions

Figure 1 Detail of the state variables (blocks), external climate input (circle), radiation and convective
heat fluxes (coloured arrows) of the greenhouse climate model, concerning the supplemental lighting (HPS
and LED). The fluxes are additional to those already reported by Vanthoor (2011a, p 368). “T” represents
the temperature of floor, air, thermal screen, canopy, cover and sky whereas “P” is the electrical inputs of
the artificial lamps.

Figure 2 Overview of the system to harvest the excess energy in the greenhouse air. The system
consists of a heat exchanger, a cold water buffer, a heat pump and a hot water buffer. The temperatures
are shown to give an order of magnitude of the energy.

Figure 3 Validation of greenhouse air temperature. Temperature (a, b, c) of outside air (dashed red line),
measured air (solid blue line), simulated air (dotted green line) during winter (DOY 53-60), spring (DOY
133-139) and summer period (DOY 257-262) in the Orre greenhouse.

Figure 4 Validation of crop yield model. Simulated (solid line) and measured (dotted line) tomato yield
(kg m-2, fresh weight) at the experimental greenhouse in Klepp, equipped with HPS (a) and HPS and LED
inter-lighting (b). In figure (c) the simulation is based on crop temperature calculated by the model and
refers to the second crop cycle of the commercial Orre greenhouse.

Figure 5 Cumulative gas consumption (m3 m=2 equivalent) in scenarios without (black line) and with heat
harvesting (grey line), calculated for the commercial greenhouse in Orre.

Figure 6 Monthly overview of pipe heating requirement (black bars) and amount of energy potentially
harvestable from the greenhouse air (grey bars) at the Orre greenhouse.

Figure 7 Daily net residual heating requirement after having harvested sensible and latent heat from the
greenhouse air. The gap (DOY 333-344) is due to missing values of heating pipe energy in the Orre
greenhouse dataset.
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