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Nomenclature

State variables

CO, Carbon dioxide concentration (mg m—3)
T Temperature (°C)
VP Vapour pressure (Pa)

Auxiliary states
RH Relative humidity (%)

COYP™  Carbon dioxide concentration (Ppm)

Flux densities

H Conductive or convective heat flux density (W
m~?)

L Latent heat flux density (W m~?)

R Far infrared radiation (FIR) flux density (W m 2

Ry Near infrared radiation (NIR) flux density (W m~2)

Rpar Photosynthetically active radiation (PAR) flux
density (W m™)
Raiob Global radiation flux density (W m—2)

Riampair Short wave (PAR and NIR) radiation flux density
from the lamp to the greenhouse air (W m~2)

Q Electric energy flux density (W m2)

External climate inputs

IGiob Outside global radiation (W m~2)

Tout Outdoor temperature (°C)

Tsky Sky temperature (°C)

Tsoout Soil temperature ate outer soil layer (°C)

VPoy:  Outdoor vapour pressure (Pa)

Vind Outdoor wind speed (m s™%)

Other symbols

cap Heat capacity of the associated state (J m~2 K~?)

heat Energy input to the greenhouse through the
heating system (W m?)

ME Mean error
RE Relative error (%)
RMSE Root mean squared error

RRMSE Relative root mean squared error (%)

U Controlled input (greenhouse actuator)
Subscripts
Air Greenhouse air in the main compartment (below

the screens)
BIScr Blackout screen
Boil Flux from boiler to the pipe rail heating system
BoilGro Flux from boiler to the grow pipes heating system
Can Canopy

Cov Cover

d Discharge coefficient
e External side

Ext External CO, source
Flr Floor

Gh Greenhouse

Glob Global radiation

GroPipe Grow pipes heating system
HEC Heat exchange coefficient
IntLamp Inter-lights

in Indoor side

Lamp  Greenhouse lamp

Leak, Leakage Leakage ventilation
Out Outside air

Pipe Pipe rail heating system
Rf,Roof Greenhouse roof

Sky Sky

So(j) The jth soil layer

Sun The sun

Top Greenhouse air above the screens
ThScr  Thermal screen

Vent Ventilation

w Wind coefficient
Superscripts

mes Measured value

sim Simulated value

1. Introduction

Greenhouse climate models are a useful tool for the analysis,
design, and optimisation of greenhouse structures and
climate control. Such models have been in use for several
decades, and are continually being extended and developed
(Lopez-Cruz, Fitz-Rodriguez, Salazar-Moreno, Rojano-Aguilar,
& Kacira, 2018). One reason that greenhouse models must be
constantly redeveloped is because greenhouse systems
themselves evolve. Some recent progress in greenhouse
design and technology include novel heating systems and
sources; advanced approaches in crop management and pro-
tection; and the introduction of innovative technologies for
assimilation lighting (Ahamed, Guo, & Tanino, 2019; Hemming
et al., 2017; Marcelis et al., 2014; Marcelis & Heuvelink, 2019;
Stanghellini, van’t Ooster, & Heuvelink, 2019).

Assimilation lighting has been used in greenhouses for
decades and is a rapidly developing greenhouse technology. In
high latitudes, high pressure sodium (HPS) lamps are the main

source of assimilation lighting in greenhouses (Marcelis,
Costa, & Heuvelink, 2019; Virsile, Olle, & Duchovskis, 2017),
and their efficacy, measured in pmol of photons of photo-
synthetically active radiation (PAR) per joule of input (umol
J7Y), can reach values of around 1.7—1.8 pmol J~* (Nelson &
Bugbee, 2014). At the same time, light emitting diodes (LEDs)
are gaining interest as a useful source of assimilation lighting
in greenhouses (Dutta Gupta, 2017; Mitchell et al., 2015),
especially since surpassing HPS lamps in efficacy, and reach-
ingas much as 2.5 umolJ~* (Bugbee, 2017), and even a reported
3 umol J~* (Horticultural lighting qualified products list, 2020).
The efficacy of LEDs is expected to continue to rise, although
the current and potential efficacies strongly depend on the
spectral output of the lamp (Pattison, Hansen, & Tsao, 2018).

With respect to their influence on the greenhouse climate,
LEDs differ from HPS lamps in their output of PAR and near
infrared radiation (NIR), their convective heat exchange with
the surrounding air and in their operating temperature and
emission of far infrared radiation (FIR). In HPS lamps, the
conversion rate from electrical input to PAR output is around
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35—40%. With LEDs, this value can vary greatly, and ranges
from around 30%—70% (De Zwart, Baeza, Van Breugel,
Mohammadkhani, & Janssen, 2017; Nelson & Bugbee, 2015).
The conversion rate from electrical input to NIR output is
20—22% in HPS lamps, and 0—2% in LEDs (De Zwart, Baeza, Van
Breugel, Mohammadkhani, & Janssen, 2017; Nelson & Bugbee,
2015). The majority of heat emitted from LEDs is conductive
heat, which must be directed away from the lamp in order to
maintain its longevity and efficiency. This is done either by a
passive cooling system and heat exchange with the sur-
rounding air, or by an active cooling system which includes
electric fans or water pipes (Mitchell et al., 2015). Furthermore,
LEDs operate at a considerably lower temperatures than HPS
lamps, resulting in lower far infrared radiation (FIR), and
providing the possibility of placing LEDs closer to the crop
without damaging it. In particular, LEDs offer new opportu-
nities for high-intensity inter-lighting, a technique where
lamps are placed between or within the crop rows (Heuvelink,
Li, & Dorais, 2018).

At the same time, the heat produced by HPS lamps reduces
the demand from the greenhouse heating system (Ahamed
et al., 2019). Several experiments have shown that the radia-
tive heat from HPS lamps helps maintain the desired crop
temperature, and that greenhouses equipped with LEDs
require higher inputs from the heating system (Dieleman et al.,
2015; Dueck, Janse, Eveleens, Kempkes, & Marcelis, 2012;
Ouzounis, Giday, Kjaer, & Ottosen, 2018). It follows, therefore,
that the potential energy savings that are achievable by using
LEDs may be offset by the need to provide more energy for
heating. Thus, a question that arises is how a greenhouse
lighting system influences its heating requirements, and how
well do greenhouse climate models predict and describe these
requirements under various lighting systems.

Despite the recent advances in horticultural lighting,
relatively few greenhouse climate models include the effects
of lamps. A recent review listed 30 different greenhouse
climate models (Lopez-Cruz et al., 2018). Of these, only two
models (De Zwart, 1996; Van Beveren, Bontsema, Van Straten,
& Van Henten, 2015) describe the influence of HPS lamps, and
none consider LEDs. Since LEDs are qualitatively different
from other lighting technologies, including them in an already
existing greenhouse model, even one that does include lamps,
poses a challenge.

A common approach to include the influence of lamps on
greenhouse climate is the assumption that a constant fraction
of the electricity supply to the lamps immediately heats the
greenhouse air (Ahamed, Guo, & Tanino, 2018; Golzar, Heeren,
Hellweg, & Roshandel, 2018; Van Beveren, Bontsema, Van
Straten, & Van Henten, 2015a, 2015b). A slightly more so-
phisticated approach, was used by Altes-Buch, Quoilin, and
Lemort (2019) and earlier by De Zwart (1996) to distinguish
between the PAR and NIR output of the lamps, but lump
together FIR and convective heat. Two recent platforms that
describe the qualitative differences between HPS and LED
lighting are the Radiation Monitor (De Zwart et al., 2017),
which focuses on the use of thermal screens; and the Virtual
Greenhouse (previously named Hortisim) (Korner & Holst,
2017), which is part of the Universal Simulator (Holst, 2013,
2019), an open source modelling platform. However, it seems
that no experimental results are available which demonstrate

how well these models perform under various types of
lighting.

From the above, we conclude that there is a lack of acces-
sible and tested models that thoroughly describe the influence
of assimilation lights, and in particular LEDs, on the crop, the
greenhouse climate, and their interactions. Such a model is
necessary for reliably predicting the implications of replacing
HPS lamps by LEDs. More specifically, such a model should
accurately estimate the energy requirements of the heating
system in a greenhouse with HPS or LED lamps. In this way, the
model can help growers choose and design a lighting system
that best suits their circumstances and purposes, as well as
assist policy makers in making informed decisions regarding
the influence of lighting on greenhouse energy consumption.

The purpose of this study was to design and evaluate a
greenhouse climate model which includes a detailed
description of assimilation lights (HPS and LEDs). The ability
of the model to accurately predict the heat requirements of
illuminated greenhouses was tested by comparing model
predictions with data collected from greenhouse compart-
ments with HPS and LED lighting. The model developed,
named GreenLight, was based on the work of Vanthoor,
Stanghellini, van Henten, and de Visser (2011) and Vanthoor,
de Visser, Stanghellini, and van Henten (2011), and was
extended by adding top-lights, inter-lights, heating pipes
within the canopy (“grow pipes”), and a blackout screen to
reduce light pollution from the greenhouse to the outside
environment. To facilitate reuse and extension of the model, it
is publicly and freely available as open source MATLAB code at
https://github.com/davkatl/GreenLight.

2. Materials and methods
2.1.  The GreenLight model

The GreenLight model is based on the model of Vanthoor and
Visser et al. (2011) and Vanthoor and Stanghellini, et al. (2011)
(termed here the Vanthoor model). The model considers three
attributes of the greenhouse climate: energy balance, carbon
balance, and vapour balance. The full details of the Vanthoor
model are available in the electronic appendices published in
Vanthoor and de Visser et al. (2011) and Vanthoor and
Stanghellini, et al. (2011). This model was extended to
include lamps above the crop (top-lights), lamps within the
canopy (inter-lights), heating pipes within the canopy (“grow
pipes”), and a blackout screen, which is used to reduce light
pollution from the greenhouse towards the outside environ-
ment. This section describes some of the main features of the
GreenLight model, namely the energy balance model and the
lamp model. The full details of the GreenLight model are
presented in Appendix A and in the MATLAB code that ac-
companies this publication.

2.1.1. Energy balance

The Vanthoor model includes 13 state variables describing the
temperatures of greenhouse objects (°C). These are the tem-
peratures of: the external side of the cover Tcoy.; the internal
side of the cover Tcyy iy; the air in the compartment above the
thermal screen Trop; the thermal screen Trpg; the air in the
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main compartment Tp;; the canopy Tean; the pipe rail system
Tpipe; the floor Tg,; and 5 soil layers Tso1, Tsoz, ... Tsos. In
GreenlLight, 4 state variables were added: Tramp, TitLamp, TGropipes
and Tgse, €xpressing the temperature of the top-lights, the
inter-lights, the grow pipes, and the blackout screen (°C),
respectively.

Accompanying the 4 new state variables are 4 new control
inputs: Uramp, UmtLamp, Upoilgro» @nd Upisey describing, respec-
tively, the switching of the top-lights, the switching of the
inter-lights, the valve opening between the boiler and the
grow pipes, and the opening of the blackout screen. As in the
Vanthoor model, control inputs are expressions varying from
0 to 1, where 0 indicates no action (a switched off lamp, a
closed heating valve, an open screen), and 1 indicates action at
full capacity (a switched-on lamp, a fully open valve, a fully
closed screen). A scheme describing the energy balance of the
GreenLight model, highlighting the difference between it and
the Vanthoor model, is given in Fig. 1.

The differential equations for the temperature states (all in
W m~?) are given below. The equations for the lamp temper-
atures Tramp and Tiwamp are given in the next subsection. Ex-
pressions in bold are additions to the Vanthoor model.

CapCou.eT('Zou.e = RGlobs,mche + HCou.inCouAe - HCou.eOut - RCouAeSky

CapCou.inTCou.in = HTupCov.in + LTopCmJ,in + RCunCov.in + Rrircov,in
+RPipeCou‘in + RThchCoU.in - HCov.inCov‘e
+RBlSchov.1n +RLampCav.in

CapTopTTup = HThSchup + HAirTop - HTupCov.in - HTopOut + HBlSchop
CGPBISC,TBIch = HAinIScr + LAivBlScr + RCanBlScr + RFIVBIScr + RPipeBlScy
- HBISchop - RBISchou.in
- RBISchky —Rpiscrtnser + RLampBIScr
caprhse Trhser = Hairmhser + Lairmhser + Reanthser + Retrmiser + Roiperhser
- HThSchop - RThSchov,in - RThSchky
+ RBIScr’I‘hSa +RLampThScr
CapAirTAir = HCanAir + HPipeAir + RGlub,SunAir - HAirFIV - HAirThch
- HAirOut - HAl'VTop - HAirBlScr + HLampAir
+ RLampAiv+HIntLampAir + HGmPipeAiv
capcanTcan = Rpar_suncan + RN _suncan + Reipecan — Heanair — Leanair
- RCanCou,in - RCanFlr - RCanSky - RCanThScr - RCanBlch
+ RPAR,LampCan + RNIR,LumpCan + RFIR,LampCan
+ Rpar_intLampCan + RNIR_intLampCan + RFIR_IntLampCan
+ RGvaPipeCan
CapPipeTPipe = HBoilPipe - RPipeSky - RPipeCuv.in - RPipeCcm - RPipeFlr
- RPipeThScr - HPipeAir - RPipeBlScr + RLampPipe
capey Teyr = Hairetr + Rpar_sunrtr + Riz_sunetr + Reantr + Reiperr
— Hrirsor — RFIrCoU,in - RFIrSky — Rrwrrhser — Reuriser
+ Rpar_tamprir + RNIR_LampFir + RFIR_LampFir
CapSo(j)TSo(j) = Hso(j-1)s0() — Hsogysoj+1) j = 1,2, ..., 5
capGyopipeTGmPipe = HBoiIGroPipe - RGrcPipeCan - HGYoPipeAiv (1)
here, H represents conductive or convective heat exchange (W
m~?); R represents radiative heat exchange (W m~2); and L
represents latent heat exchange (W m2). Subscripts represent
the source and target of the exchange, thus e.g., Ropjion2 T€P-

resents radiative heat exchange from Obj1 to Obj2. The latent
heat exchanges depend on the vapour fluxes in the

greenhouse, which are described in full by Vanthoor and
Stanghellini, et al. (2011).

The blackout screen was modelled in an analogous way to
the Vanthoor model component of the thermal screen, with
different parameter values. Here, capgsey J K~* m ™) is the heat
capacity of the blackout screen; Reanpisers Rewbisers Rpipesisers
Rpiscrcov,iny RBiscrskys Raisarthser 811d Rampsiscr (W m—2) are, the long
wave (FIR) heat exchanges between the blackout screen and,
respectively, the canopy, floor, heating pipes, cover, sky,
thermal screen, and lamps; Hajpiser and Hropgiser (W m~?) are
the convective heat exchange between the air in the main and
top compartment and the blackout screen; and L giser (W m2)
is latent heat exchange between the air and the blackout
screen due to vapour condensation.

The grow pipes were modelled analogously to the Van-
thoor model component for the pipe rail system. However,
since for a mature crop the majority of the radiative heat from
the grow pipes is absorbed by the canopy, the FIR exchange
between the grow pipes and other greenhouse objects was
assumed to be negligible. In the equations above, capcopipe (I
K~" m™) is the heat capacity of the grow pipes; Hpsiigropipe (W
m™?) is the heating input into the grow pipes; Reropipecan (W
m?) is the FIR exchange between the grow pipes and the
canopy; and Heopipeair (W m 2 is the convective heat exchange
between the grow pipes and the air in the main compartment.

2.1.2.  The lamp model
The equations for the lamp temperatures Tiamp and Tintamp are
(in Wm™2):

Cap]_ampTLump = QLampIn - RLampSky - RLampCou,In - RLampThch
*RLampBlScr - HLampAir - RPAR_LampCun
*RNIR,LampCan - RFIR,LampCan - RLampPipe
_RPARJ.ampFlr - RNIR,LampFlr
*RFIR,LampHr - RLampAiv - HLampCool
cap;_amp]mTLampInt = QIntLumpIn - HIYIrLampAir - RPAR,IntLampCan

_RNIR_IntLampCan - RFIR_IntLampCan (2)

where capamp and caprampim: are the heat capacities of the top-
lights and the inter-lights (f K™?). The energy fluxes (all in W
m~?) influencing the top-lights’ temperature Ty, may be
divided into the following categories:

e Electrical input: Qampin-

e FIR exchange between the lamps and the sky, cover,
thermal screen, blackout screen, canopy, heating pipes,
and floor: RLampSky: RLampCouAiny RLampThScn RLampBlchv
RFIR,LampCan, RLampPipe, and RFIR,LampFlw

e NIR output towards the canopy and the floor:
RNIR_LampCany RNIR_LampFlr~

e PAR output towards the canopy and the floor:
RPAR,LampCam RPAR,LampFIr-

e Short wave radiation (NIR and PAR) which is not
absorbed by the floor or canopy, assumed to be absor-
bed by the greenhouse construction elements and
transferred to the greenhouse air: Rigmpair-

e Convective heat exchange with the greenhouse air:
HLampAir-

e Active cooling, heat extracted from the lamps and
removed from the greenhouse system: Hygmpcool-
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Q Input

D State

L Radiative (PAR and NIR)
heat exchange
Radiative (FIR) heat

exchange

Conductive/convective

heat exchange

Latent heat exchange

Objects with FIR exchange

between each other

Extensions of the
Vanthoor model

A A A

Fig. 1 — Scheme of the GreenLight model energy balance. Dashed and bold items are additions to the Vanthoor model. All

the items in grey exchange FIR between each other.

The inter-lights are modelled in a similar way as the top-
lights: Quuampm is the electrical input to the interlights;
Hiniampair 1S the convective heat exchange between the inter-
lights and the air; and Rpar_mtLampCan, RNIR_intLampCan, RFIR_ntLampCan
are, respectively, the PAR, NIR and FIR heat exchanges be-
tween the inter-lights and the canopy. As with the grow pipes,
radiative heat exchange between the inter-lights and other
greenhouse objects was assumed to be negligible.

A total of 15 parameters are used to describe the top-
lights: Orampmax (W m™?) is the electrical capacity of the
lamps; Aramp (Mm? m™2) is the surface area of the lamps per
area of greenhouse floor; TLampear, PLampPARs TLampNIRs PLampNIR»
TLamprir (—) are the transmissivity (r) and reflectivity (o) of
PAR, NIR, and FIR of the vertical layer of the lamps. These
influence the radiative fluxes in the greenhouse, including
the loss of sunlight due to shading by the lamps. 7 qmppar and
Nampnir (J(PAR/NIR) J '(electricity)) are the conversion rate
from electrical input to PAR and NIR output of the lamp;
CLamppar (LMOI(PAR) J7(PAR)) is the amount of photons per
joule within the PAR output of the lamps, which depends on

the lamps' spectral output; e{gfnp and efgiom (—) are the emis-

sivity of the lamps towards the top and the bottom; n;gmpcool
(-) is the amount of energy exported from the lamps by
active cooling and removed from the greenhouse, expressed
as a fraction of the electrical input; capLamp (J K ' m~?) is the
heat capacity of the lamps, affecting the rate of heating and
cooling of the lamps; and cyzciampair (W K™" m™) is the heat
exchange coefficient between the lamps and the surround-
ing air, which influences how much of the energy of alamp is
converted to convective heat, and indirectly, the lamp
operating temperature.

The inter-lights require 8 parameters, which are similar to
those of the top-lights. These are the electrical capacity of the
lamps Oinirampmax (W m?); the surface area of the lamps AntLamp
(m? m~?); the conversion rate from electrical input to PAR and
NIR output nyamppar a0 Nniampnir (J(PAR/NIR) J ~(electricity));
the amount of photons per joule within the PAR output of the
lamps {iamppar (WmMOI(PAR) J7Y(PAR)); the emissivity of the
lamps emizamp (—); the heat capacity of the lamps capIntLamp (J
K™' m™?); and the heat exchange coefficient between the
lamps and the surrounding air Cueciampair (W K~" m™2).

The efficacy of the lamps, measured in photons of PAR per
joule of electric input, iS 7gmppar*llamppar  (LMOL(PAR)
J (electricity)). The maximal photosynthetic photon flux
density (PPFD) of the lamp, which is the flow of photons of PAR
per m? of greenhouse floor area, is MamppaR * {LampPAR * OLampMax
(umol(PAR) s~ m~2).

A diagram describing the energy flows to and from the top-
lights, as well the main lamp parameters, is presented in
Fig. 2. A full description of the lamp model, along with all the
modifications made in GreenLight with respect to the Van-
thoor model, is given in Appendix A.

2.2. Model evaluation

Data from an experiment comparing HPS and LED top-lights
was used for evaluating the GreenLight model. The experi-
ment was described in detail by Dueck et al. (2012, 2010). In
this experiment, tomato plants (Solanum lycopersicum cv. Sun-
stream) were grown in Bleiswijk, the Netherlands, from 16
October 2009 to 1 July 2010 using a high wire cultivation sys-
tem. Data from 20 October 2009 to 9 February 2010 (112 days),
given in 5-min intervals, was used. The plants were grown in
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two neighbouring compartments within an experimental
greenhouse, one equipped with HPS top-lights (electric input
of 110 W m 2, with an efficacy of 1.8 umol PAR J~?%), and one
with LED top-lights (electric input of 116 W m 2, with an ef-
ficacy of 1.6 umol PARJ %, and an active water cooling system).
Both compartments had a pipe rail and grow pipe heating
system, thermal and blackout screens. The size of each
compartment was 9.6 m by 15 m, with a total floor area of
144 m?, eave height of 5.7 m and ridge height of 6.7 m. The roof
of each compartment consisted of 2 ridges, with a slope of 23°.
The compartments were part of a larger greenhouse
measuring 120 m by 80 m. Two walls of each compartment
faced neighbouring compartments, two walls faced indoor
corridors, and the roof faced the outdoor. A scheme of the
compartments and their location within the experimental
greenhouse is given in Fig. 3.

In each compartment, 12 plant rows were sown, with a
plant density and initial stem density of 3.12 plants and stems
per m?%. The stem density was increased to 3.9 stems per m? on
December 14, 2009, and to 4.7 stems per m? on January 27,
2010. In the HPS compartment, HPS lamps were hung above
two paths, 8 lamps of 1000 W above each path. Lamps were
installed at a height of 4.7 m and with a distance of 1.85 m
between the lamps.

In the LED compartment, lamps were installed above the
crop rows. LEDs from Lemnis Lighting, the Netherlands were
used. These lamps were water-cooled to maintain their effi-
cacy, and heat extracted by the cooling system was removed
from the greenhouse. The LED lighting was composed of 12%
blue LEDs (with a peak at 450 nm) and 88% red LEDs (with a
peak at 660 nm). The LEDs were installed at a height of 4.65 m.
In both compartments, the light distribution from the lamps
was measured during the night using a Sunscan Canopy
analysis system (Delta-T Ltd, Cambridge, UK), to ensure a
uniform distribution of PAR light from the lamps.

The PPFD from the lamps above the crop was
170 ymol m~2 s~ ! in both compartments. The maximum
daylength was 18 h, and the lamps were switched off one hour
before sundown. The setting for CO, concentration was
1000 ppm. Irrigation, leaf and flower pruning, and tempera-
ture set points were modified dynamically by observing the
state of the crop with a team of experts with the aim of
maximizing production. In the data used for this study, lamps
were on for an average of 14 h a day, and the average CO,
concentration was 1000 ppm in both compartments. In the
HPS compartment, the average air temperature for the light
and dark period was 21.5 °C and 18.5 °C, respectively. In the

L_ Electric input
t Convection
1 Cov,in TThScr 1 PAR
NIR
FIR
Lamp
n787c7c l
parameters
H;. y
NLampCool LampCool » Lamp cooling
CHECL:
]]I.unm.\'IR TLamp HECLampAir |«
M l]],aunpl’.\l{ lnl ampNIR H] ampAir
CLampPAR LampPAR
R\'IR LampCan / | \ / I \ / | N A | AN R] ampAir
RI’\R LampCan RI"\R LampFIr
R\'IR LampFIr
vV Vv vV ¥V A 4 A

TCan TPipe

TFlr TAir

Fig. 2 — The energy flows to and from the lamp, including FIR, NIR, PAR, and convective heat exchange, as well as the main
lamp parameters in the GreenLight model. See Appendix A for full details.
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Fig. 3 — Above: 3-D view of an experimental compartment used for collection of data for evaluation of the GreenLight model.
Two walls of each compartment faced neighbouring compartments, two walls faced an indoor corridor, and the roof faced

the outdoor. Below: location of the compartments with HPS and LED top-lights within the experimental greenhouse. Shaded
areas indicate growth compartments, white areas indicate corridors.

LED compartment, the average air temperature for the light ¢ Outdoor conditions: sun radiation Igy (W m™3), air

and dark period was 22 °C and 19 °C, respectively. temperature Toy: (°C), vapour pressure VPoy: (Pa), wind
Plants in the HPS compartment were slightly taller than speed Uying (m s ).

those in the LED compartment throughout the trial. Similarly, e Indoor conditions: air temperature T,; (°C), relative

the leaf area index (LAI, leaf area per floor area, m?> m~2), was humidity RHy;, (%), CO, concentration Col‘z’f’:i'r (ppm).

consistently higher in the HPS compartment, and to a lesser
extent, the average number of trusses per stem. A summary of grow pipe temperature Tgoppe (°C), window opening
plant growth and development measurements recorded Ukoo (%), screen closure Uryse, Upiser (%), lamp status

throughout the trial is given in Fig. 4. ULamp (0—1), CO; injection Ugxico, (0—1).
The following data, recorded during the trial, was used for
model evaluation:

e Greenhouse actuators: pipe rail temperature Tpip, (°C),
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Outdoor conditions were measured using a Hoogendoorn
weather mast (Hoogendoorn, Vlaardingen, The Netherlands)
located on top of the greenhouse service building. Indoor
climate was measured by a ventilated Hoogendoorn mea-
surement box, which was placed in the middle of the
compartment at the height of the top of the crop. The height of
the measurement box was adjusted throughout the experi-
ment to keep it at the top of the crop. All data was collected in
5 min intervals by an Economic Hoogendoorn climate
controller.

2.2.1. Parameter estimation and calibration

The Vanthoor greenhouse model, and the parameters
describing a Dutch greenhouse given in the electronic ap-
pendix of Vanthoor and Stanghellini, et al. (2011), were used as
a basis for model evaluation. However, several parameters
describing the greenhouse structure were modified to describe
the compartments used in the current study. Some parame-
ters were taken directly from the greenhouse specifications.
These were the mean greenhouse cover slope y (°); the floor
area of the compartment Ap, (m?); the height of the main

compartment hy; (below the screens, m); the mean height of
the greenhouse hg, (m); maximum roof ventilation area
Agoof (m?); vertical dimension of a single ventilation opening
hvent (m); PAR transmission of the thermal screen rrpserpar (—)
and the blackout screen 7pj5par (—); PAR and NIR transmission
of the roof T??R, Tg}R (—); capacity of the CO, injection ¢gyco,
(mg s7Y); external and internal diameter of the pipe rail
heating gpipe £, @pipe; (M); external and internal diameter of the
grow pipes heating ¢ opipers ®cropipes (M); length of the pipe
rail heating and the grow pipes heating per floor area
1Pipev lGroPipe (m m72)'

The parameter Acoy (mz) represents the greenhouse cover
area, including the roof and the sidewalls. This parameter
influences the heat exchange between the greenhouse and the
outdoor air, and assumes that the sidewalls all face the out-
door, which was not the case in this trial. In order to estimate
a value for this parameter which correctly expresses the heat
exchange between the compartment and the outside air, the
area of side walls facing adjacent compartments was neglec-
ted, since these compartments had similar temperatures, so it
was assumed that heat exchange through these side walls
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Fig. 4 — Crop growth and development in the HPS and LED compartments throughout the evaluation trial, including average
plant length (cm plant™?), leaf area index (LAI, m? plant m~2 floor), and average number of trusses (truss stem™").
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was negligible. The area of the side walls facing the internal
greenhouse corridor (a total of 120 m?) was multiplied by 0.5,
representing the reduced heat loss towards the corridor
compared to heat loss to the outside air. The area facing
the outside was 156.6 m?, resulting in Acey = 120-0.5 + 156.6 =
216.6 m?. The value for cygciy (W m~2 K™%, which influences
the heat exchange between the greenhouse air and the cover
material, was set as 3.5 W m~2? K~! in order to take into ac-
count the large area of the sidewalls in the greenhouse
compartments.

Six parameters describe the air flows within the green-
house and between the greenhouse and the outside: ¢ eqkrop ()
is the fraction of leakage ventilation that originates above the
SCreen; Cregkage (—) influences leakage ventilation, that is,
ventilation that is independent of the roof opening; c§" (-) is
the ventilation discharge coefficient; c§' (-) is the ventilation
global wind pressure coefficient, which influences the effect of
wind on ventilation; Krysr and Kpser (m® m =2 K¢ s7%) are the
flux coefficients of the thermal and blackout screen, which
influence the effect of screen closure on air flow through the
screens.

Since it is difficult to directly measure these parameters,
these values were calibrated, based on the recorded data, by
considering the indoor CO, concentration during the dark
periods, thus avoiding the influence of injection and
assimilation.

The parameters were fitted, in a stepwise fashion, with the
goal of fitting the model predictions of CO, concentration in
the dark period to the measured values. The value for ciegkrop
was assumed to be 0.9, expressing the fact that the majority of
leakage ventilation occurred through the roof and not towards

the corridor or neighbouring compartments. Next, data from
periods when the roof was fully closed and screens were fully
open was used to fit Cieqkage, SiNCe in those periods this is the
only parameter which influences ventilation rates. Periods
with no wind and with fully open screens were then used to
calibrate c§", since in those periods only ¢ieqrage and c§ influ-
ence ventilation rates. Periods with fully open screens were
used to calibrate c$", and finally, the entire dark period was
used to calibrate Kqysr and Kpiser-

The resulting values for the modified parameters used in
the evaluation trial are given in Table 1. These parameters
remained constant throughout the simulation.

2.2.2. Estimation of lamp specific parameters

Estimation of the 15 parameters used to describe the top-
lights (see Section 2.1.2 above) was done as follows: the pa-
rameters frgmpmax and Aramp Were based on direct measure-
ment. For estimating 7ramppaR, TLampNIR, TLampFIR, PLampPAR»
PrampNirs 1t Was assumed that the lamps fully absorb PAR, NIR
and FIR coming from the sun and the objects above, and that
reflection is negligible. Since the majority of radiative output
of HPS lamps is directed towards the crop, it was assumed that

et was 0.9 and s{;’fnp was 0.1 for HPS lamps. The emissivity

for LEDs was assumed to be 0.88 for both directions, which is
equivalent to the emissivity of the heating pipes. This was
done based on the observation that LEDs placed within the
canopy have a similar heating effect as grow pipes. The con-
version rate 7.,y Was based on Nelson and Bugbee (2015).
The conversion rate nsmppar Was also based on Nelson and

Table 1 — Parameters from the Vanthoor model which were modified or added to represent the compartments used in this

study. Parameters not given here were set at the default value of the Dutch greenhouse in Vanthoor and Stanghellini, et al.

(2011).

Notation Meaning Unit Value
2 Mean greenhouse cover slope ° 23

Acoy Surface area of the cover including side walls facing the outside m? 216.6
Ay Floor area of the greenhouse m? 144

hair Height of the main compartment in the greenhouse m 5.7

hen Mean height of the greenhouse m 6.2
ARoof Maximum roof ventilation area m? 52.2
hvent Vertical dimension of single ventilation opening m 0.87
Gl Leakage coefficient - 0.3-10°*
g Ventilation discharge coefficient = 0.35

e Ventilation global wind pressure coefficient = 0.02
CLeakTop Fraction of leakage ventilation coming from the top compartment - 0.9
TThScrPAR PAR transmission coefficient of the thermal screen - 0.75
TBISCIPAR PAR transmission coefficient of the blackout screen - 0.01
Krhser Thermal screen flux coefficient m3m 2K 0% st 5-107*
Kgiser Blackout screen flux coefficient e mal - IR gt 5.10°%
TE?R PAR transmission coefficient of the roof - 0.57

T;Yf“‘ NIR transmission coefficient of the roof - 0.57
CHECin Convective heat exchange parameter between cover and outdoor air Wm2K? 3.5
PExtCO, Capacity of the external CO, source mgs ! 720
@pipe.E External diameter of pipe rail heating pipes m 51-1073
Ppipe,l Internal diameter of pipe rail heating pipes m 48.75-103
Lpipe Length of pipe rail heating pipes per floor area m m—2 1.3375
PGropipe.E External diameter of grow pipes m 0.035
®Gropipe,l Internal diameter of grow pipes m 0.0338
lgropipe Length of grow pipes heating per floor area mm 2 1.655
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Bugbee (2015) but with a correction for the efficacy of the
lamps used.

The fraction for cooling of the LEDS 7 gmpcocl WaS set at 63%,
based on measurements during the trial. Lastly, capromp in-
fluences the rate at which the lamp heats and cools, and
Checlampair influences the convective heat exchange between
the lamp and the surrounding air. These parameters were
chosen in such a way that the thermal dynamics of the lamps
will behave as typically observed in greenhouses. For HPS
lamps, a typical operating temperature of around 150 °C was
assumed. It was further assumed that the lamps heat up and
cool down within around 1 h. For LEDs, it was assumed that
without cooling, the lamps can reach operating temperatures
of around 55 °C, and that the lamps take around 30 min to heat
up and cool down. With cooling, the lamps are around 1 °C
warmer than the air when switched on. Simulations were
performed with and without lamp cooling in order to test that
the lamps behave as expected.

A summary of the lamp parameters used for the evaluation
is given in Table 2.

2.2.3. Evaluation of indoor climate predictions

In order to evaluate how well the model predicts the indoor
climate of the greenhouse, the recorded outdoor conditions
T, Toes, VPge:, unes s and the recorded greenhouse actuators

es 'mes ‘mes ‘mes ‘mes mes ‘mes 1
T;y%pe' TGroPipe' Roof* ~ThScr? ~BlScr? ~ Lamp» ~ ExtCO, were used as in-
puts to the model. The outdoor CO, concentration was

assumed to be 400 ppm. Simulations were performed using

these values, and the simulated TS, RHSI", and cog{;{?f“" were
compared against the measured values by calculating the
mean error (ME), the root mean squared error (RMSE) and the
relative root mean squared error (RRMSE). Using these various
measures of error allows to compare our model's prediction
with that of other models found in the literature, where
various measures appear.

The mean error of the predictions was defined as the
average difference between the simulated and measured
values:

1 n mes sim
ME = ﬁzizl (v —yi™) 3)

where y"® is the measured value at time i; y$™ is the simulated
value at time i; and n is the number of measurements. The
measured and simulated data were sampled at 5-min in-
tervals. The mean error has the same unit as the measured
and simulated values. A positive ME indicates model over-

estimation, while a negative ME indicates model
underestimation.
The root mean squared error was defined as
RMSE — 15 mes sim) 2 4
= ﬁZa (ypes —ysim) 4

The RMSE provides a measure of prediction error, in the
same units as the measured variable y™*. An RMSE close to
zero indicates good model predictions.

The relative root mean squared error was defined as

RRMSE - oz VAT ey ) 5
where y™* is the average of the measured values. The RRMSE
is a unitless measure of prediction error, allowing to compare
between measurements of different units. An RRMSE close to
0% indicates good model predictions. Note that for relative
humidity, RMSE is given in percent relative to saturated
vapour pressure (relative humidity of 100%), and RRMSE is
given in percent relative to the mean relative humidity.

To compare measured and simulated values, the units of
the variable VP,; (Pa) were converted to relative humidity

RHpyr (%). Similarly, CO, 4 (mg m™) was converted to COF

(ppm). These converted units are more commonly used in
greenhouse climate control and are thus easier to interpret.

2.2.4. Evaluation of energy use predictions
To evaluate how well the model predicts the amount of energy
needed for heating, the recorded outdoor conditions I7, T3,

Table 2 — Lamp specific parameters used in the GreenLight model, with the values used for model evaluation. The PPFD

above the crop was 170 pumol(PAR) m? s™* in both compartments.

Notation Meaning Unit HPS LED
OLampMax Electrical energy input to the lamps W m 2 110 116
ALamp Surface area of the lamps per area of greenhouse floor m’m 2 0.03 0.05
TLampPAR Transmissivity of sun's PAR through the top-lights layer — 0.97 0.95
PLampPAR Reflection of sun's PAR through the top-lights layer — 0 0
TLampNIR Transmissivity of sun's NIR through the top-lights layer — 0.97 0.95
PLampNIR Reflection of sun's NIR through the top-lights layer — 0 0
TLampEIR Transmissivity of FIR through the top-lights layer = 097 0095
NLampPAR Fraction of top-lights electrical input converted to PAR J(PAR) JY(input) 036 031
NLampNIR Fraction of top-lights electrical input converted to NIR J(NIR) J~(input) 022 0.02
e[;’fﬂp Emissivity of the top side of the top-lights - 0.1 0.88
gfg;;;m Emissivity of the bottom side of the top-lights = 0.9 0.88
NLampCool Fraction of lamp energy input that is removed by active cooling = 0 0.63
capLamp Heat capacity of the lamps JK'm™ 100 10
CHEClampAir Heat exchange coefficient between the top-lights and surrounding air WK *m2 0.09 2.3
CLampPAR Photons per joule in PAR emitted by the lamp, depending on the spectral  pmol(PAR) ] *(PAR) 5 5.2
output of the lamp
NLampPARSLampPAR Efficacy of the lamp in photons of PAR emitted per joule of electric input  pmol J *(PAR) J *(input) 1.8 1.6

MLampPAR ZLampPAR OLampMax

Photosynthetic photon flux density (PPFD) of the lamps

pmol(PAR) m 2 s~ ! 198 187
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VP, unes s and all the recorded greenhouse actuators besides

the pipe temperatures ;":jf, Treaerr Upleers ’L’}f,ip,
used as inputs to the model. Furthermore, the measured in-
door temperature T}¢* was used as a dynamic setpoint for the
simulated heating system. Thus, the simulated greenhouse
provided the calculated amount of energy into the heating
system required to achieve the same temperatures as those
recorded in the actual greenhouse. The simulated heating

mes
UExtC02 were

input required for the entire season, heat®™ (MJ m~2), which
was calculated by integrating the energy input to the pipes
H%ml’ipe and H?mero?ipe
measurement of heating input given to the real greenhouse
heat™. The relative error in estimation was defined as

(W m™2), was compared against the

heats™ — heat™es

RE heating = 100-
eating 00 heames

(%) (6)

here, an RE value close to 0 indicates good model predictions; a
positive value indicates an overestimation; and a negative
value indicates an underestimation of the greenhouse heating
needs.

2.3. Source code for the model and simulations

The code used to design the GreenLight model and run the
simulations in this study is available in MATLAB format
(MATLAB R2019b, The MathWorks) in open source code at
https://github.com/davkatl/GreenLight. The model was con-
structed using the DyMoMa framework (Katzin, 2020), an
open-source MATLAB framework for dynamic modelling.

3. Results

The root mean squared error (RMSE), relative root mean
squared error (RRMSE), and mean error (ME) of the model
predictions of indoor climate, as well as the measured and
simulated energy used for heating, are given in Table 3. The

Table 3 — Root mean squared error (RMSE), relative root
mean squared error (RRMSE) and mean error (ME)

between measured and simulated Ty, RHy;y, and COYL,
and measured and simulated heating inputs in the HPS

and LED compartments. Note that for relative humidity,
RMSE is given in percent relative to saturated vapour
pressure (relative humidity of 100%), and RRMSE is given
in percent relative to the mean relative humidity.

HPS LED
RMSE Ty (°C) 2.04 1.74
RMSE RHy;, (%) 8.50 5.52
RMSE CO (ppm) 347 361
RRMSE Ty;; (%) 9.77 8.22
RRMSE RHy;, (%) 10.5 6.57
RRMSE CORl (%) 34.1 34.7
ME Ty, (°C) —0.09 0.05
ME RHy;, (%) 5.84 2.35
ME CO!" (ppm) 36.6 —285
Measured heating (MJ m~?) 435 785
Simulated heating (MJ m~?) 486 778

RE heating (%) 11.6 -0.92

simulations of T,; and RHy;, give a good fit, while the predic-
tion for cog%’/;';, is poorer. Most importantly, the estimates for
heating requirements are very good, giving an especially ac-
curate fit in the LED compartment. The error in heating pre-
dictions (7—50 MJ m~?) are very small in comparison to the
difference between the heating input between compartments
(350 MJ m2).

Figure 5 presents the cumulative simulated and measured
heating inputs in the HPS and LED compartments. The heating
requirements in the LED compartment are predicted very well
throughout the tested season. The heating requirement in the
HPS compartment is also predicted well throughout the sea-
son, but with a slight underestimation over the last month.

Figure 6 presents a 5-day sample (November 26 to
December 1, 2010) which is representative of the measured
and simulated climate values in the two greenhouse com-
partments examined in this study. The bottom row of Fig. 6
shows the energy coming from the sun and lamps, to help
differentiate between the light and dark periods during these
5 days. As was also seen in Table 3, the indoor temperatures
are predicted very well. The relative humidity is over-
estimated, especially in the HPS compartment during the
light period, while the trends of humidity during the night
period are estimated well. In both compartments, the CO,
concentration is predicted well during the dark period: the
modelled rate of increase in CO, concentration during the
dark period, as a result of crop respiration and ventilation, is
similar to the measured rates. However, during the light
period there is an overestimation of CO, in the HPS
compartment and an underestimation in the LED compart-
ment, suggesting there is a possible error in the measured
rate of CO, injection.

Table 4 shows how the energy input into the lamp was
divided into various outputs in the simulation. The values for
PAR, NIR, and cooling were set by the model parameters as
described in Section 2.2.2. The table shows how the rest of the
lamp energy outputs, namely the FIR and convective heat
output, have been expressed throughout the simulation.

From Tables 3 and 4 we see that the HPS compartment had
a total energy input of 1097 MJ m~2, where 435 MJ m 2 went to
heating and 662 MJ m~2 to lighting. The LED compartment had
an energy input of 1461 MJ m 2, with 785 MJ m 2 supplied to
heating, 676 MJ m~ to lighting, and 426 MJ m 2 extracted by
cooling. The net energy input of the LED compartment was
thus 1035 MJ m~2, which is similar to the energy input of the
HPS compartment.

Figure 7 shows a timeline of the simulated lamp and air
temperatures on the night between 15 and 16 November
2009, which represents a typical day in the simulated sea-
son. The HPS lamps reach close to 150 °C within around
30 min, and cools down slightly slower, returning to room
temperature approximately one hour after being switched
off. The LED lamp, when no cooling is applied, heats and
cools rapidly, with a big jump in temperature when switched
on, followed by a more gradual heating. Without cooling, the
LED lamp is around 30 °C warmer than the surrounding air.
When cooling is applied, the LED when on is about 1.5 °C
warmer than the surrounding air, and about 0.3 °C colder
than the air when off.
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Fig. 5 — Timeline of the measured and simulated heating inputs in the HPS and LED compartments.

4, Discussion

The purpose of this study was to present the GreenLight
model and test whether it can be used to predict the energy
needed for heating in an illuminated greenhouse. The model
closely predicted the heating needs for greenhouse compart-
ments equipped with LEDs and HPS top-lights, as was shown
in Fig. 5. The error in model predictions (up to 50 MJ m~?) is
considerably smaller than the measured difference in heating
requirements between the two lighting systems (350 MJ m~2),
demonstrating that the model captures and expresses the
differences in heating between the HPS and LED compart-
ment. With regards to the dynamics of the indoor climate
predictions, the RMSE of air temperature was around 2 °C, and
the RMSE of relative humidity was 5.5—8.5% of saturation. The
corresponding RRMSE's were below 10%, except for relative
humidity in the HPS compartment which was slightly above
10%. These values are within the range of most greenhouse
models, where an RRMSE of 10% or less is considered a good fit
(Vanthoor and De Visser, et al., 2011). Other conventions in
agricultural modelling consider an RRMSE of less than 10% as
excellent (Jamieson, Porter, & Wilson, 1991).

The predictions of indoor climate could be further
improved. In particular the model predictions regarding in-
door CO, concentration could be tested further. The air flows
in the model were calibrated based on the measurements of
the CO, during the dark period, which resulted in a good fit of
CO, during those times, but the error during the light period

was large. A possible cause for the error in CO, predictions is
a problem with the data regarding the CO, injection rates,
which was only applied during the light period. Unfortu-
nately, the data available only indicated whether the valve
for CO, injection was open or not; it was assumed that the
injection rate whenever the valve was open ggyco, Was con-
stant and equal to 720 mg s™*. However, the actual injection
rate was unfortunately not recorded, and may possibly have
varied between compartments and throughout the
experiment.

The model also showed a systematic error in simulated
relative humidity. Since both the HPS and LED compartments
showed an overestimation of humidity, part of this error could
be attributed to a misrepresentation of greenhouse structure
attributes, such as the rate of condensation on the cover.
However, the HPS compartment showed a larger over-
estimation of humidity, with a mean error of 5.84% in the HPS
compartment and 2.35% in the LED compartment. While this
error is not large, it could indicate that the model does not yet
sufficiently describe the influence of lamp type on crop tran-
spiration. For instance, GreenLight does not take into account
the influence of light spectrum on stomatal aperture
(Ouzounis, Rosenqvist, & Ottosen, 2015). The model also does
not distinguish between the various levels inside the crop
canopy. Kim, Lin, and Mitchell (2019) found that while tran-
spiration is considerably higher under HPS in the upper level
of the canopy, in lower levels the transpiration rates under
HPS and LEDs are similar. Modelling the entire canopy as one


https://doi.org/10.1016/j.biosystemseng.2020.03.010
https://doi.org/10.1016/j.biosystemseng.2020.03.010

BIOSYSTEMS ENGINEERING 194 (2020) 61—81 73

- Tpir HPS
27.5
)
Sa 23
=
i
18.5
14 L L L L
26/11 27/11 29/11 30/11 01/12

RH ;. (%)

60 2 p 7 g
26/11 27/11 29/11 30/11 01/12
co, ,. HPS
2,A
2100 <
T 1650}
o
a
.:(_1200-
ON
O 750
300 , : : ,
26/11 27111 29/11 30/11 01/12
Date
Sun and lamps HPS
2401
< 180k
c 180
s
;’120»
=
£ eof
0 . L
26/11 27/11 29/11 30/11 01/12

Date

air LED

Measured
Simulated

14 " " " "
26/11 27111 29/11 30/11 01/12

RH,. LED

Air

60 ? 7 - -
26/11 2711 29/11 30/11 01/12
Co, ,. LED
2100; ZAr
16501
12001
750F
300 : , : ;
26/11 2711 29/11 30/11 01/12
Date
Sun and lamps LED
2401
Sun radiation
180 Lamp input
1201
601
0 J I L
26/11 2711 29/11 30/11 01/12

Date

Fig. 6 — Sample of the measured and simulated climate trajectories for T,;,, RH,;, and CO’Z’%', in the HPS and LED
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during the simulations.

Table 4 — Separation of the energy output of each lamp in
the simulations performed. Values for PAR, NIR and

cooling are a result of the predefined model parameters.
Values for FIR and convective output are a result of the
simulated model dynamics.

HPS LED
Total lamp input (MJ m~?) 662 676
PAR output (%) 36 31
NIR output (%) 22 2
FIR output (%) 32.5 2.37
Convective output (%) 9.5 1.63
Cooling (%) 0 63

single surface could thus result in a small overestimation of
transpiration under HPS lamps.

The outputs of the GreenLight model quantify the
convective and radiative heat emitted by the lamps. The
outputs for PAR, NIR and cooling are a result of predefined
model parameters, but the output of FIR and convective heat
vary in time and depend on the simulated dynamics. In the

simulation of the HPS lamp, around 30% of the lamp output
was FIR, and around 10% was convective. In the simulation of
LEDs, 2% of the output was FIR, with less than 2% released in
convection to the air, and 63% as convective cooling. In this
study, parameters for PAR and NIR output were based on the
measurements of Nelson and Bugbee (2015). The results
regarding FIR and convective heat output also agree with
those measurements, which indicates that the model's pre-
dictions regarding those outputs are also satisfactory.

Nevertheless, the evaluation presented here is based on a
single experiment where many parameters had to be esti-
mated and could not be directly measured. Data from more
greenhouses, with various lamp settings, could be used to
further evaluate and improve the GreenLight model.
Regarding lamp specific parameters, Both et al. (2017) sug-
gested a product label for horticultural lamps which, if it be-
comes standard, would facilitate including new lamps in the
GreenlLight model, by providing values for many of the pa-
rameters used in the model.

One strength of the GreenLight model is that it is available
as free an open source code, allowing it to be used by
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Fig. 7 — Timeline of the simulated lamp and air temperatures on the night between 15 and 16 November 2009. Note the

varying scales in the y-axes.

researchers world-wide, to evaluate against their own data
and to adapt and further improve the model based on local
practice. GreenLight is based on the Vanthoor model which
was created to assist in greenhouse design and has been
validated for various climate conditions and greenhouse
types. In the same way, GreenLight may be used to predict the
influence of different lamp types and lighting strategies in
various greenhouse types and climates. It would also be
beneficial to conduct a sensitivity analysis of the GreenLight
model, to test how uncertainties regarding the model pa-
rameters and inputs influence predictions.

As can be seen in Fig. 5, during the experiment the heat
demand in the LED compartment was almost double that of
the HPS compartment: 785 vs 435 MJ m~2. The main reason for
the high heating demand in the LED compartment was the
active cooling of the LEDs, which extracted 426 MJ m~2 of heat
from the greenhouse. The net energy input in both compart-
ment was similar. Thus, if a system were installed where the
energy extracted by cooling could have been brought back to

heat the greenhouse, it is quite possible that the heat de-
mands of the two compartments would have been similar.

At the same time, it should be noted that the experiment
considered LEDs that had a similar efficacy to the HPS lamps.
Using more efficient LEDs would have resulted in lower elec-
tric inputs, which would probably require compensation in
the form of higher heating inputs. However, this trade-off
between lighting and heating inputs strongly depends on the
specific attributes of the lamps, as well as the design of the
greenhouse, the dynamics of the indoor climate, the climate
control strategy, and the outdoor weather. The GreenLight
model provides an important step in developing tools to
analyse the influence of these features on illuminated
greenhouses.

Declaration of Competing Interest

None declared.


https://doi.org/10.1016/j.biosystemseng.2020.03.010
https://doi.org/10.1016/j.biosystemseng.2020.03.010

BIOSYSTEMS ENGINEERING 194 (2020) 61—81 75

Acknowledgements

The authors would like to thank the editor and anonymous
reviewers for helpful remarks that greatly improved this
paper. We would also like to thank Anja Dieleman, Bert van 't
Ooster, Arie de Gelder, and Feije de Zwart for advice and help
in acquisition and analysis of the data used in this study.
Further thanks to Mitch Meulensteen for proofreading the
manuscript.

Funding for this study was provided as part of the “LED it be
50%” Perspectief programme, supported by the Netherlands
Organisation for Scientific Research Domain Applied and En-
gineering Sciences (NWO-AES), LTO GlaskrachtNederland,
Signify, B-Mex, and Ridder Growing Solutions. The funding
bodies had no role or influence in the design and conduct of
the study; collection, management, analysis, and interpreta-
tion of the data; preparation, review, or approval of the
manuscript; and decision to submit the manuscript for
publication.

Appendix. A. Detailed description of the
GreenLight model

As mentioned, the GreenLight model is based on the Vanthoor
greenhouse model (Vanthoor and De Visser, et al, 2011;
Vanthoor and Stanghellini, et al., 2011). In this section, all
the modification made in GreenLight with respect to the
Vanthoor model are described. For the Vanthoor model
description, see the electronic appendices of Vanthoor and De
Visser, et al. (2011) and Vanthoor and Stanghellini, et al. (2011).
The GreenLight model and its complete description are
available as open source MATLAB code at https://github.com/
davkatl/GreenLight.

As mentioned above, the Vanthoor greenhouse model
includes 13 state variables describing the temperatures of
greenhouse objects (°C). These are the temperatures of: the
external side of the cover Tcoy; the internal side of the cover
Tcovin; the air in the compartment above the thermal screen
Trop; the thermal screen Trpse; the air in the main
compartment T,;; the canopy Tcan; the pipe rail system Tpp;
the floor Tg,; and 5 soil layers Tse1, Tsoz, --- Tsos. In GreenLight,
4 state variables were added: Tramp, TintLamp, TGropipe, @aNd Thiscr,
expressing the temperature of the top-lights, the inter-
lights, the grow pipes, and the blackout screen, respec-
tively (°C).

Accompanying the four 4 new state variables are 4 new
control inputs: Uramp, Umtamp, Uoiigro» and Ugise describing,
respectively, the switching of the toplights, the switching of
the interlights, the valve opening between the boiler and the
grow pipes, and the opening of the blackout screen. As in the
Vanthoor model, control inputs are unitless expressions
varying from O to 1, where 0 indicates no action (a switched-
off lamp, a closed heating valve, an open screen), and 1 in-
dicates action at full capacity (a switched-on lamp, a fully
open valve, a fully closed screen). A scheme describing the
energy balance of the GreenLight model, highlighting the
difference between it and the Vanthoor model, is given in
Fig. 1.

The differential equations for the temperature states (all in
W m~?) are given below. Expressions in bold are additions to
the Vanthoor model. Greenhouse elements that exist in the
Vanthoor model, but were not included here, have been
omitted.

CapCou.eT.Cou.e = RGIob_SunCou + HCou.inCouAe - HCouAeOut - RCouAeSky
CapCov,inTCou,in = HTopCou.in + LTopCou.in + RCunCou,in + RFIrCou,in
+RPipeCou.in + RThSchou.in - HCDU,inCov.e + RBIchCov,In+RLampCou.in
CapTopTTop = HThSchop + HAirTop - HTopCoujn - HTopOut + HBISCVI'op
capBISUTBIScr = Haugiser + Lairpiser + Reansiser + Rewrgiser + RPipeBlScr
- HBIchTop - RBlScyCou.in
- RBlchSky _RBIScﬂ'hch + RLampBIScr
CapThSCTTThSCT = HAirThScr + LAirThch + RCunThScr + RFIYThScr + RPipeThScr
- HThSchop - RThSchou,in
- RThSchky +RBIch’1' hser + RLampThScr
CapAivTAiv = HCcmAir + HPipeAir + RGlcb_SunAiv - HAirFIr - HAirThScr
— Hairour — HAivTop - HAirBlch + HLampAiv + RLumpAir
+ HIntLampAir + HGmPipeAir
CapCanTCan = RPAR_SunCun + RNIR_SunCLm + RPipeCan - HCanAiv - LCunAir
- RCanCov,in — Reanrir — RCanSky — ReanThser + RPAR,LumpCan
+ RNIR_LampCan + RFIR_LampCan + RPAR_IntLampCun
+ RNir_mtLampCan + RER_ntLampcan+Raropipecan
CapPipeTPipe = HBuiIPipe - RPipeSky - RPipeCoU.in - RPipeCan - RPipeFIY
- RPipeThScy - HPipeAir - RPipeBlScr+RLampPipe
CapFerFlr = HAirFIV + RPAR-SunF]r + RNIR_SMnFIY + RCanFlr + RPipeFIv
— Hrirso1 — RFITCov,in - RFlrSky — Reythser — Rewgiser
+ Rpar_tamprir + RNIR_LampFir + RFIR_LampFir
€apso() Tsog) = Hsaj-1506) — Hsogsoe1) j = 1,2, ..., 5
capGropipETGroPipe = HBoiIGroPipe - RGYaPipeCnn - HGroPipeAir
CapLampTLump = QLampIn - RLampSky - RLampCau,ln - RLampThch
- RLampBIScr - HLampAir - RPAR_LampCan - RNIR-LampCun
- RFIR_LampCan - RLampPipe - RPAR_LampFlr - RNIR_LumpHr
- RFIR,LampFIr - RLampAir_HLampCool
caanmpIntTLﬂmPI"f = Quntrampin — HintLampair — RpaR_IntLampcan
- RNIR,IntLampCan - RFIR,IntLampCan (A]-)
here, H represents conductive or convective heat exchange (W
m~?); R represents radiative heat exchange (W m™); and L
represents latent heat exchange (W m~?). Subscripts represent
the source and target of the exchange, thus e.g., Ropjionj2 T€P-
resents radiative heat exchange from Obj1 to Obj2. The latent
heat exchanges depend on the vapour fluxes in the green-
house, which are described in full by Vanthoor and
Stanghellini, et al. (2011).
The blackout screen was modelled in an analogous way to
the Vanthoor model component of the thermal screen, with

different parameter values (see Section A.5). Here, cappise (J/
K~? m~?) is the heat capacity of the blackout screen; Reangiser,
RrwBiscrs RPipeBlScr: RBISchou,im RBIchSkyr Riscrhser and RLampBlScr (W
m~?) are, respectively, the long wave (FIR) heat exchanges
between the blackout screen and the canopy, floor, heating
pipes, cover, sky, thermal screen, and lamps; Hajpser and
Hropgiser (W m*Q) are the convective heat exchange between
the air in the main and top compartment and the blackout
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screen; and Lajgser (W m™2) is latent heat exchange between
the air and the blackout screen due to vapour condensation.

The grow pipes were modelled analogously to the Van-
thoor model component of the pipe rail system. However,
since for a mature crop the majority of the radiative heat from
the grow pipes is absorbed by the canopy, the FIR exchange
between the grow pipes and other greenhouse objects was
assumed to be negligible. In the equations above, capcopipe (I
K=" m™) is the heat capacity of the grow pipes; Hgsiigropipe (W
m~?) is the heating input into the grow pipes; Réropipecan (W
m~?) is the FIR exchange between the grow pipes and the
canopy; and Hgopipeair (W m?) is the convective heat exchange
between the grow pipes and the air in the main compartment.

The lamp component of the GreenLight model is used to
quantify the PAR, NIR, FIR, and convective outputs of the
lamp, in W m 2. The heat capacity of the top-lights J K- m 2
is denoted capramp. The electrical input to the top-lights is
given by Quampm. The PAR output of the top-lights is either
absorbed by the canopy (Rpar_rampcan) Or by the floor
(Rpar_ramprrr). The NIR output of the top-lights is similarly
absorbed by the canopy and floor (Rnir_rampcan, RNir_LampFir)-
Long wave radiation (FIR) occurs between the top-lights and
the sky, cover, thermal screen, blackout screen, canopy,
heating Pipesy and floor (RLampSkyv RLampCou.im RLampThScry RLampBIScr
RFR_LampCans Riamppipe» @0 Rer_ramprrr)- The convective heat ex-
change between the top-lights and the surrounding air is
given by Hiampair, and Rigmpair €Xpresses short wave radiation
(sum of PAR and NIR) emitted by the top-lights and absorbed
by the greenhouse structure. Finally, the energy taken away
from the lamp by active cooling is denoted Hygmpcool-

The inter-lights are modelled in a similar way as the top-
lights, where caprampine | K2 m™?) is the heat capacity of the
inter-lights; Quampm is the electrical input to the interlights;
Hinampair s the convective heat exchange between the inter-
lights and the air; and RPAR_IntLampCam RNIR_IntLampCany RFIR_IntLampCan
are, respectively, the PAR, NIR and FIR heat exchanges be-
tween the inter-lights and the canopy. Radiative heat ex-
change between the inter-lights and other greenhouse objects
is assumed to be negligible.

A detailed description of the radiative and convective heat
transfers is given below.

A.1. Lumped cover layer

In the Vanthoor model, the optical properties of the movable
outdoor shading screen, the semi-permanent shading screen,
the greenhouse roof, and the thermal screen are lumped to
express the optical properties of the greenhouse cover: rcoupar,
PcovpAR, ACouPAR, TCOUNIR, PCouNIRs dcouNR (—), Signifying the trans-
mission, reflection, and absorption coefficients of the lumped
cover layer to PAR and NIR, respectively. To calculate the op-
tical properties of lumped layers, the following equations
were used in the Vanthoor model:

T1T2
=—(- A2
712(71, T2, P1, P2) 17p1p2( ) (A2)
2
r
plZ(TlsTZaplﬂPQ):pl+17/)2 (=) (A3)

1—p1py

where 71,7, (—) are the transmissivities of each layer, p;,p, (-)
are the reflectivities of each layer, and 71,p1, (—) are the
transmissivity and reflectivity of the resulting lumped layer.

However, the equation for p,, above neglects the fact that
the reflectivity of two objects superimposed on one another
depends on which of the objects is facing the light. Thus, the
equation for p,, was replaced by:

pn  Up\ _ 7172
T12(T1772«,p1 spz)_iu (=) (Ag)
1-— plljanP

w( . pn ) _ up, (1)°P)"
P12 (T17p1 P15 P2 ) =p t on_Up (=) (A5)

1—p"py

Dn Up Dn Dn Dn (Tz)zp]i—)"
P2 \T2,P P53 P17 ) =Py + U (7) (A6)

Dn ,YP

1—p7"p,

here, p'? is the reflectivity towards the top of the object lying
on top, pi" is the reflectivity towards the bottom of the object
lying on top. The rest of the expressions are denoted similarly,
where p, represents the reflectivity of the object on the bottom
and p,, represents the reflectivity of the lumped object.

The equations above have been derived by using Fig. Al. In
this figure, a ray of radiation coming from above is labelled 1,
the full capacity of the ray. As it passes through the top layer, a

fraction 74 is transmitted and a fraction ,ﬁp is reflected up. The
fraction 7, reaches the second layer, where a total fraction 717,
is transmitted, and Tlpgp is reflected. We continue to follow
this ray and sum the total fraction that has been transmitted
through and reflected by the two layers to arrive at:

o up\" T1T2
T2 = TlTQZn:O <p]13"p2p> = 1 Dn Up ( - ) (A7)
—P1 P

Up _ Up 2 Up\—® pn Up\" _ Up (Tl)ngp
Py =p1 +(71)°py nool\P1 P2 | =p1+ Dn_Up (=)
1-pi"p,

(A8)

The equation for p2 is derived analogously to p%?.

In addition to this change in calculation of reflectivity, two
new objects were added to the lumped cover layer, namely the
blackout screen and the lamps. The optical properties of all
layers except the lamps were thus:

T CouBIScrPAR

=T12 (7: CovPAR, 1 — U315cr(1 - T BISchAR)-, ﬁg:vaR, UBlSchBISchAR) ( - )

(A9)
Up _ Up(=~ ~Up ~Di PAR
PcouiscrPAR = P12 (TCOUPAR’ Pcovpars Peovpars UBISCYPBIScr) (=) (A10)
pgnglSchAR = P]fz" (1 — Usiser (1 — Triscrpar ) UBiser Ppiscrears
(A11)

~Dn
Usiscr Ppiscrpar P CouPAR> (=)

where Tcoupiserpar, pggUBlSchAR’ Pemscrar (—) are the trans-
missivity, reflectivity upwards and reflectivity downwards of
PAR for all layers except the lamps; Ugps., is the degree of
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closure of the blackout screen (0—1); 7pisepar (—) 1S
the transmissivity of PAR for the closed blackout screen;
peisapar (—) is the reflectivity of PAR for the closed blackout
screen; and Tcopar, Pebupar Pompar (—) are the transmissivity,
reflectivity upwards and reflectivity downwards of PAR to
the layers considered in the Vanthoor model, i.e., all layers
except the blackout screen and lamps.
The optical properties of all layers were:

Dn
TCouPAR = T12 (TCouBlchPAR7 TLampPAR s PCoyBIScrPAR» pLampPAR) (A12)
Up _ ,up Up Dn
PcovpAR = P12 (TCOUBISCVPAR= PcovBIScrPAR » PCouBIScrPAR pLﬂmpPAR) (A13)

where Tcoupar, fobopar (—) are the transmissivity and reflectivity
of the entire cover for PAR coming from the sun. 7 ampear (—) is
the transmissivity to PAR of the lamp layer, i.e., the amount
of PAR radiation that passes from above the lamps to right
below it. pramprar (—) is the reflectivity to PAR of the lamp
layer, i.e., the amount of PAR radiation that reflects from the
lamp layer.

-2
RLampAir = (nLampPAR + nLumpNIR)QLampln - RPAR,LampCan - RNIR,LampCan - RPAR,LampFlr - RNIR,LampFlv (W m )

The optical properties for NIR were calculated analogously.
The new optical properties of the cover, which include the
blackout screen and lamps, replaced the optical properties of
the cover used in the Vanthoor model. The optical properties
of FIR passing through the cover considered only the shading
screens and roof and were thus left the same as in the Van-
thoor model.

A.2. Shortwave heat exchange

The PAR above the canopy was supplemented by the PAR
emitted by the top-lights:

Rpar_chsun = (1 = Ngiob_air) Tcoupar * Nctobpar  Ioion (W m™2) (A14)

Rpar_Ghramp = Miamppar - Quampin (W m’2) (A15)

where 7;gmppar (—) is the fraction of lamp electrical input con-
verted to PAR, and Qyampm (W m™?) is the electrical input to the
lamp, defined by:

QLampln = ULamp : 0LampMax (W miz) (A16)

where Upgmp (0—1) indicates whether the top-lights are
switched on (0 if all lamps are off, 1 if all lamps are on), and
Orampmax (W m?) is the electrical input for the top-lights when
they are fully on.

The PAR from the top-lights absorbed by the canopy was
then calculated analogously to the Vanthoor model:

Rpar_tampcan, = Rpar_hiamp(1 — panpar) (1 — e Ki-r=tAT) (A17)
Rpar_LampFircant = RpaR_Ghiamp e Mot oy par (1 = Panpar) (1
— e -parlAl) (W m—2) (A18)

RPAR_LampCan = RPAR_LampCani + RPAR_LampFIrCunT (W m72) (A19)
Similarly, the NIR from the top-lights absorbed by the
canopy was calculated analogously to the Vanthoor model:

RNIR,LumpCan = nLampNIRQLampln(l - pCanNIR) (1 - eiKNIRLAI) (W m72)
(A20)

where 7 (—) is the fraction of lamp input converted to
NIR.

The PAR and NIR from the top-lights absorbed by the floor
was calculated by:

Rpar_tamprr = Rpar_chramp(1 — PanAR)efKUARLAI (W miz) (A21)

RuiR_Lamprtr = TiampnigQuampin (1 — pppyir)eV*A (W m—2) (A22)

PAR and NIR energy emitted by the top-lights and not
absorbed by the canopy or floor was assumed to be absorbed
by the greenhouse construction elements and immediately
transferred to the greenhouse air:

(A23)

It was assumed that all PAR and NIR from the inter-lights
is absorbed by the canopy:

RPAR,IntLampCan = MintLampPAR QIntLampln (W m,z) (A24)

RNIR_ImLampCaVI = nlntLamleRQIVltLampln (W miz) (A25)
where 0y, ampear (—) 18 the fraction of electrical input to the inter-
lights converted to PAR; nyampnr (—) is the fraction of electrical
input to the inter-lights converted to NIR; and Qnampim (W rn*Q)
is the electrical input to the inter-lights, defined by:

QIntLumpIn = UIntLamp ﬁlntLampMux (W miz) (A26)

where Upuamp (0—1) indicates whether the interlights are
switched on (0 if all lamps are off, 1 if all lamps are on), and
OmtLampmax (W m*2) is the electrical input for the inter-lights
when they are fully on.

The global radiation absorbed by the canopy Rean, used for
calculating transpiration, was the sum of the NIR and PAR
absorbed from the sun, the top-lights, and the inter-lights.

A.3. Long wave (FIR) heat exchange

The long wave (FIR) heat exchange between the greenhouse
objects was calculated according to the Stefan—Boltzmann
law, as was done by Vanthoor and Stanghellini, et al. (2011)
based on the model of De Zwart (1996):

Ry = AieieFyjo (T +273.15)" - (T;+273.15)" ) (Wm'2)  (A27)

where A; (m? m?) is the surface area of object i per area of
greenhouse floor; ¢, ¢ (—) are the emissivities of objects i and j;
F;; is the view factor between the two objects j; and T;, T; are
the temperatures of the objects (°C). This equation was used
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Table A1 — Parameters regarding long wave (FIR) heat exchange. The lamp areas Aramp and ApiLamp are parameters that
depend on the choice of the lamps. The emissivity of the top-lights cLamp is different between the top and the bottom side of

the lamp. Thus, two emissivity values g{:ﬁw, ¢tomy" are used, depending on the direction of radiation emitted from the lamp.

Expressions marked in bold are additions to the Vanthoor model.

FIR;; & A; (area) F;; (view factor)
Rcancov.in €Can 1— e KemlAl "'LampFIRT}%SC,}-IRT%ISUFIR
—KprLAI
Reansky £Can 1—emm TLampFIRTBlscr IR TCoVFIR T PhscrFR
5 —KrrLAI 10
Reanthser €Can 1=gHem TLampFIRTB]scyFIRUThch
—KprLAI
Reanrir €Can =g 1- 0»497r1Pipe¢Pipe.e
5 10) 10) —KrrLAI
RPipeCov.in EPipe 7"'IPipe(/’Pipe.e T’-“’"PFIRTB!ScyFIRTThSchIR0'49e FIR
U U —KprLAI
RPiPESkY €pipe TrlPl'pE(pPipe,e TLampFIRTB]SC,HRTCouFIRTThSCYFIRO-‘Lge FIR
2 10) —Krr LAI
Rpipethser EPipe 7"'Il‘ipe(PPipe.e TLampFIR T giscrrig UThser 0-49€ ™ FR
RPipeFIr £€Pipe ﬂ'IPips‘ﬂPipe,e 0.49
5 —KrrLAI
RPipeCan €Pipe 7"'Il’ipe(pPipe.e 0.49(1 — e~*mAT)
0] U —KprLAI
Rrircov.in EFlr 1 TLampFIRTBIScrFIR T ThScrFIR (1 - O~497r1Pipe(PPipe.e)e FIR
5 10) 10) —KrrLAI
RFlrSky EFlr 1 TLampFIRT gigcyFIR T CoVFIR T ThserFIR (1- 0~49771Pipe¢Pipe.e>e IR
U —KrrLAI
REnThser EFlr 1 TLﬂmpFIRTB]SCyFIRUThSCY (1 - 0-497rlPipe(/’Pipe.e)e FIR
Renscrcov,in EThScr 1 Uthser
Rehsersky €Thscr 1 TcovFIR UThscer
RCoU.eSky €Cov 1 1
Top U U
Riampsky €Lamp Avamp TCovFIRTThscrFIR T BIScrFIR
R . Top A u u
LampCov,in ELamp Lamp TThScrFIR TBIScrFIR
R e? A Usgiser 75
LampThScr Lamp Lamp BIScr TBIScrFIR
R s A u
-LampBIScr ey_amp Lamp BlScr
RFIR_LampCan Efm‘;m ALamp 1— e KemlAl
RanpPIpe ngﬁf,';,m ALamp 0-4’971'1?1'pe(pl’l';Je.ee4<F"{LAI
Bott —KrrLAI
REIR_ LampFlr ngm(;gm Aramp (1- 0'49”1Pipe‘/’PipeAe)e FIR
RFIR,lntLumpCan €ntLamp AInthmp 1
RGvoPipeCun €GroPipe “IGvoPipe PGroPipe.e 1
U
Raiscrsky €BlScr 1 TcovFIR UBIScr TThscerrIR
Rpis 4 £ 1 Ugiser 78
crCou,in BlScr BIScr TThscrFIR
ReiscrThser EBIScr 1 Ugiser UThser
ReanBiser €Can 1— e7KmelAl TLampFIR UBIscr
—Kpr LAI
RPipeBIch EPipe ”lPipe(PPipe.e "'LampFIRUBIScr0-497TIPipe¢Pipe.ee IR
—KrrLAI
ReyBiser Erlr 1 7LampFIRUBIch(1 - 0-49771Pipe§"Pipe.e)e FIR
for the calculation of RLampSky, RLampCoujm RLampThSch RLampBISch HLampAiy = CHEClampAir (TLqmp — TAiy) (Wm’z) (A29)
RFIR,LampCany RLam Pipe RFIR,LampFIn RFIR,IntLampCam RGmPi eCany RBlSchk )
pPIp p y
R in» R R Ry and R . -2
BlScrCou.iny f\BIScrThScrs CanBIScr.y PipeBIScr» FlrBIScr ) . HIntLampAir = CHECintLampaAir (TInILamp _ TAiv) (Wm ) (Aao)
The areas A; and the view factors F;; used are given in Table
A.1. The top-lights and blackout screen obstruct the view be- 2
Pg HGroPipeAiv = CHECgroPipeAir (TGvoPipe - TAir) (Wm ) (A31)

tween objects in the greenhouse, and the long wave heat ex-
change was modified accordingly, with the assumption that the
blackout screen is directly below the thermal screen. It was
assumed that the canopy fully hides the inter-lights and the
grow pipes, so that these two objects only exchange FIR with the
canopy. The lamp areas Ajgm, and Apamp are parameters that
depend on the choice of the lamps. The emissivity of the top-

lights 14mp Was different between the top and the bottom side of
the lamp. Thus, two emissivity values e[gr, , e%4™ were used,

depending on the direction of radiation emitted from the lamp.
A.4. Convection and capacities

The convective heat transfers added to the model were
calculated as:

HAirBIScr = CHECbIScrAir(TAiV - TBISCY) (Wm’2) (A28)

where Cugcpiserrop, CHEChIScrair, CHEClampAirs CHECintLampaAir» and CHECgroPipeAir
(W m~2 K1) are the heat exchange coefficients between,
respectively, the blackout screen and the air in the top
compartment; the air in the main compartment and the
blackout screen, the top-lights, the inter-lights, and the grow
pipes.

The heat exchange coefficients between the blackout
screen and the surrounding air was analogous to that of the
thermal screen in the Vanthoor model (De Zwart, 1996;
Vanthoor and De Visser, et al., 2011):

Crecpiserair = 1.7Upiser| Tair — Toiser|” ™. (Wm2) (A32)

The heat exchange coefficient between the air and the
grow pipes was calculated analogously to that of the pipe rail
system in the Vanthoor model (De Zwart, 1996; Vanthoor and
De Visser, et al., 2011):
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0.33 )
CHECgroPipeAir = 1~9977(ﬂgmpipe‘elGrOPipe ‘TGroPipe - TBISCT‘ (Wm )

(A33)

The energy extracted from the lamps by an active cooling
system was assumed to be a fixed fraction of the energy input
to the lamps:

HLampCool = MLampCool QLampIn- (Wmiz) (A34)

The heat capacity of the grow pipes was calculated anal-
ogously to that of the pipe rail system:

2 2
CAPGropipe = O~257TIGroPipe(((Pcygpipe_e - (Pcmpipej> * Psteel Cp,Steel

+ gpéropipe,ipWatevcp,Water ) (W miz) (A35)

A.5. Blackout screen

Blackout screens are often used in illuminated greenhouses to
prevent light from the greenhouse to penetrate to the outside
and cause light pollution. Depending on local regulations,
growers mightbe required to use blackout screens if the lamps
are on for certain hours of the night. In GreenLight, a blackout
screen is used in addition to the thermal screen used in the
Vanthoor model. The blackout screen is installed directly
below the thermal screen, influencing the FIR exchange be-
tween the greenhouse objects, as described in section A.3. In
addition, the blackout screen influences air flow between the
main and top greenhouse compartment. For this, first the air
flows through each of the screens is calculated. Air flow
through the thermal screen is:

frnser = UThSCTKThScr‘TAiT —Trop {0.66
+ %(O.Sp%ﬁ"(l — Unnser)9|pair — Prop| )0.5 (m*m-2571)
(A36)
and airflow through the blackout screen is:
foiser = UB]SCYKBlch|TAir _ TTOP\O'GG
+ %(O.Sp%ﬁan(l — Usiser)9|air — Prop| )O.s (m*m2s)
(A37)

here, Upse and Ugse, are the closure of the thermal and
blackout screens, respectively (0 representing an open screen
and 1 a fully closed screen); Kryser and Kgisr (m® m 2K %66 571
are the screen flux coefficients of the thermal and blackout

screens; g (m s72) is gravitational acceleration; p,; (kg m~3) is
the density of air in the main compartment; pr,, (kg m %) is the
density of air in the top compartment; and p¥" (kg m~3) is the
average of p,;, and prgp.

It should be noted that in Vanthoor and Stanghellini, et al.
(2011), the outside air is used in the above equation instead of
the air in the top compartment. However, GreenLight follows
here the equations of De Zwart (1996) where the air in the top
compartment is used.

Once the air flow through each screen is calculated, it is
assumed that the final rate of air flow through the screens
layer is the minimum between the two air flows:

fscr = min{fThScr7fBIScr}(m3 m’ Sil) (A38)

where fs, is the airflow between the main and top greenhouse
compartments.

Condensation of water vapour in the main compartment
onto the blackout screen was defined as:

MVAirBIScr = maX{O, 6.4 x 1079CHECbIScrAir(VPAiV

— VPpse) }  (kgm™s7") (A39)

where cupepisear (W m™2 K™% is the heat exchange coefficient
between the air and the blackout screen, defined above; VP,;,
(Pa) is the vapour pressure of the air in the main compart-
ment; and VPps, is the saturated vapour pressure at the
temperature of the blackout screen Tgg,.

The condensation on the blackout screen reduced the vapour
concentration of the air in the main compartment (expression
not in bold remained the same as in the Vanthoor model):

Ccapve,; vPAir = MVCanAiv - MVAirThch - MVAirTcp - MVAivOMt

- MVAirBIScY (kg m72 571) (A40)

Furthermore, the condensation transferred latent heat
from the air to the blackout screen:

Lairgiser = AH-MV piriser (W m,z) (A41)

where 4H (J kg™?) is the latent heat of evaporation of water.

The parameters used for the blackout screen are given
in Table A.2. It was assumed that the blackout screen behaves
similarly to a thermal screen, with the exception that 99% of
the light is blocked by the blackout screen, and that the
blackout screen does not contain aluminium strips, and thus
has a higher emissivity than the thermal screen.

Table A2 — GreenLight parameters used for the blackout screen in the current study.

Notation Meaning Unit Value
EBISCIFIR FIR emission coefficient of the blackout screen — 0.67
PBISer Density of the blackout screen kgm 3 0.2 x 10°
PbISarNIR NIR reflection coefficient of the blackout screen — 0.35
PbiScrPAR PAR reflection coefficient of the blackout screen — 0.35
ThIScrNIR NIR transmission coefficient of the blackout screen — 0.01
ThISCrPAR PAR transmission coefficient of the blackout screen - 0.01
ThIScrFIR FIR transmission coefficient of the blackout screen - 0.7
Cp.BiSer Specific heat capacity of the blackout screen Jkg 'K 1.8 x 10°
hgiser Thickness of the blackout screen m 0.35 x 10>
Kgiser Blackout screen flux coefficient 0 gl IR g 5x 107
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A.6. Leakage ventilation

In the Vanthoor model, it is assumed that the leakage venti-
lation is equally distributed between the main and top
compartment: half the leakage ventilation comes from the top
compartment and half comes from the main compartment:

fi VentRoof = Ninsserfy \”/entRoof + CLeﬂkTﬂPﬁEGkﬂﬂe (m3 m? Sil) (A42)

Srentside = Mmsserf \”/entside + (1 - CLeukToy)erukage (m3 m’ 571) (A43)

maintenance respiration of the fruits. MCryyima (mgm=2s71) is

the rate of fruit harvest, and it is performed in a similar
fashion to leaf pruning:

M
MCFruitHar = max{O, CFmit — Crr

Fruit (mg m72 Sil) (A45)

where C¥% is the maximum amount of fruit allowed to be on

Fruit

the crop before harvest is performed. In other words, harvest

is only done once Cpn; reaches C¥%. When that happens,

harvest is performed to reduce Cgy,;; back to CM&

Fruit*

l /p /)2p2,up %2(p2,up)2pl,down /)z(pz,up)n+l(pl,down)n

Ty pZ,uppl ,down

\-1P2,np

Tl(pZ,up)zpl,down

‘lx y)zppp 1,down

yplupp l,down)n

Fig. A1 — Trajectory of radiation coming from above and passing through a double layer. Values near the arrow represent
fractions of the original incoming radiation. The reflectivity of the double layer is an infinite sum of the values of the arrows
pointing up at the top of the figure, while the transmissivity of the double layer is an infinite sum of the arrows pointing

down at the bottom of the figure.

where Creqrop (—) is assumed to be 0.5. In GreenLight, this value
may be adjusted. Indeed, for the trial described in this study,
where compartments within a greenhouse were considered
and not a standalone greenhouse, it was assumed that the
majority of the leakage ventilation comes from the top of the
greenhouse, with cieqerop Set at 0.9.

A.7. Crop model

The focus of GreenLight is greenhouse energy use and indoor
climate. To simplify the simulations, only the total amount of
dry mass in the fruit was considered, but not the various fruit
development stages. While this may influence the timing of
fruit harvest compared to the Vanthoor model, the total har-
vest would not be affected. The result is that while in the
Vanthoor model there are 50 stages of fruit development, in
GreenLight there is only one fruit development stage npey, and
the number of fruits is not considered. Harvest is performed
when the total fruit dry weight reaches a certain threshold.

The resulting equation is thus:
CFruit = MCBufFruit - MCFruitAir - MCFruith (mg m72 Sil) (A44)

where MCaygnie (mg m 2 s77) is dry matter flow from the car-
bohydrates buffer to the fruits and MCpyiai (mg m—2s~%) is the
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