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Abstract

A systems approach to greenhouse climate research is outlined. A
model, based on the heat and water vapour balances in a compartimented
greenhouse is described. The model is presented in bond graph notation
to have a clear insight in the physical structure of the model and to
simulate it in an easy way on a minicomputer. The application of models
in a hierarchical control system configuration is discussed.

1. Introduction

In the search for energy savings in protected cultivation, a large
amount of direct methods are under study presently, or are applied
alréady. This direct methods vary from complete new greenhouse struc-

" tures to the application of thermal screens. In general these methods
approach the problem from a technical point of view.

A different approach - often called the systems approach is to con-
sider plant production and its associated energy cost.a production sys-
tem that should be controlled to yield an "optimal" performance. Rough-
ly stated three hierarchical levels of control can be distinguished.

I) The control of heating and ventilation to ensure a desired glass-
house climate, independent of the disturbances caused by the
weather. Good control on this level will result in energy savings.
due to the prevention of overheating and of simultaneous heating
and ventilation. The usually applied automatic analogue controllers
do work on this level,

II) The control of short term conditions to ensure optimal plant
growth. Whereas the glasshouse climate itself is controlled on the
previous level, the desired values of the climate factors are de-
termined and controlled on this level. The airtemperature, for
instance, is often automatically increased in accordance with the
radiation intensity. Condensation on leaves and flowers should be
avoided to prevent diseases and damage. The underlying ideas on
this level are partly physiological and partly empirical.

III) The ultimate control level is that of the long term plant develop-
ment. The short term plant situation should be related to plant
development and production. Some empirical rules and much of the
growers experience is decisive here. This field is a main challenge
for horticulturists.

A basic tool of the systems approach is the mathematical model. In the
discussed subject models of the micro-climate will be needed on all
levels, models of plant growth are needed on level two and three and of
plant development on the third level. The ultimate objeet being improved
control, one approach is to incorporate models in a learning control
strategy. This implies that the models can be more simple than the con~
ceptual or explanatory models usually applied in research. If the model
contains ‘a few unknown parameters anlon line parameter estimation tech~
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nique can be used for updating. As is shown by Udink ten Cate et al.
(1977) even a simple black box model, not containing physical but only
input-output relations, can give a significant improvement over conven-
tional control. , ’ )

2. Glasshouse climate

Glasshouses are built to improve the environmental factors for plant
production. The factors of interest are radiation, temperature, relative
humidity, carbon dioxide concentration and wind velocity. First of all
-these factors are influenced by the reduction of the turbulent exchange.
This effect mainly effects the temperature rise in the glasshouse (Lee,
1973). :

Another effect is the so called "greenhouse effect'": the glass is
transparant for the solar short wave radiation but not for the thermal
radiation emitted by the soil.and plants. This effect causes ten to
twenty percent of the temperature rise.

Compared with other buildings a glasshouse is an open system in which
the climate is influenced directly by the outdoor climate. But compared
with the climate in the open, the glasshouse climate is that of a closed
system in which the heat and vapour exchange inside directly influences
the climate. So both a translation from outdoor to indoor climate and a
description of plant behaviour is needed to determine the envirdnmental
factors near the plant. These factors in turn-determine plant behaviour
so only a description of the total system will be succesful.

To understand the heat and mass transfer between plants and atmosphere
a short description of this aspect of plant behaviour is. essential. The
main plant processes involved here are photosynthesis and transpiration.

Photosynthesis is determined as main factor by short wave radiation,
carbondioxide concentration and temperature. Only a small, almost neg-
ligible ‘amount-of the short wave radiation is directly absorbed in the
photsynthesis proces. The main part is absorbed by the leaf, leading to
a temperature rise of the leaf. To prevent a too large temperature rise
it is'cooled by transpiration, the water being transported from the
roots to the inner parts of the leaf and then evaporated to the atmo-
sphere. )

For the absorption of carbondioxide and the evaporation of water
‘vapour, the leaf has small holes or stomata in the surface. For photo-
synthesis these holes have to be wide to support carbondioxide. In this
situation, however, water is evaporating producing a possible water
shortage in the leaf. To control these phenomena the aperture of the
stomata 1s regulated by internal plant processes, dependent on photo-
synthesis, transpiration and water content of the leaf (Raschke, 1975;
Takakura et al., 1975) which in turn are dependent on the local environ-
mental factors. ’

3. Climate model

In the climate model the heat. and water vapour flows are considered
in a compartimented glasshouse.
The compartments in the model are the glass-cover, the inside air, the
plants (or-canopy), and some layers in the soil.
This is only a rough compartimentation, but measurements justify this
approach for a model which only includes total heat and mass exchange
of the canopy.
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The main incoming energy flow is short wave- solar radiation. Some-
times a glasshouse is regarded as a large radiation collector, convert-
ing solar energy into plant production. The incoming solar energy is
partly absorbed, reflected and transmitted by the glass-roof and walls
The transmitted radiation is again partly absorbed, reflected and trans-
mitted by the canopy and then by the soil. From the known optical prop-
erties of the cover, the canopy and the soil, the total absorbed amount
of incoming solar energy is determined. In the model the optical proper-
ties were assumed to be constant, though the reflection, which is
dependent on the direction of the incoming radiation is changing during
a day and during a year. For the glasshouse under consideration the
absorbed percentages were 40% for the cover, 27% for the canopy and 16%
for the soil, 12% was reflected directly by the cover and the remaining

% was reflected by the canopy and the soil and transmitted to the atmo-
sphere.

The incoming thermal or terrestrial radiation is described in litera-
ture by empirical formulas because of the complexity of the mechanism.
Wartena et al. (1973) reviewed various methods and compared them with
measurement data. The results turned out to be so inaccurate that it is
not justified to include terrestial radiation in the model. Under cer-
tain meteorological conditions however, e.g. in clear nights without
wind, or even on clear days, this will be a shortcoming.

On the contrary, thermal radiation exchange in the glasshouse between
cover, canopy and soil is of interest. Because of the relatively small
temperature differences, the Stephan Boltzmann formula is linearised.

As stated in the discussion on the "greenhouse effect'" the reduction of

the turbulent exchange is of main importance. The related transport pro-
cess is ventilation, transporting both heat and water vapour to-and from
the air compartment

The incoming heat flow by ventilation o is given by:
g h,vent g b by

in
wh,vent. in ~ = by P Cp Tout ’ (2)
The incoming water vapour flow ¢

is also determined by wv
according to:

w,vent. in

—

11Jw,ven*c. in 5 ¥y (m / R'Tout) Cout ' (3)
The same formulas with of course T, and e, instead of T and e
are valid for the outflowing heat 3hd watef vapour flow. out out
The amount of exchanged air ¥ _is dependent on the position of the
window, the outside wind velocity and direction, and to a lesser degree
on the temperature difference between in- and outside air.
Satisfying relations are not reported in literature. We started model
experiments in a windtunnel to find the relation between air exchange,
window position and wind velocity. Full scale experiments should vali-
date the results.
In the present model ¥ _ is based on forced ventilation data or estima-
tions in a natural ven¥ilated glasshouse.

In the model the mechanism of convection is treated in the usual way
by using dimensionless relations. For the convective exchange between
cover and outside turbulent airflow, the heat transfer .coefficient is
assumed to be:

Nu = 0,03 re?>8 (4.a)
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0,8 .-0,2

resulting in o = 5,5 v 1 - (4.b)
with air properties at about 10%. Determining a more accurate relation
is not so interesting, since the largest convective resgistance exists
between cover and inside air. Inside the glasshouse a combination of
circulation and free convection is present along the glass, due to the
temperature difference between glass and inside a@ir. The natural con-
vective heat transfer coefficient between a vertical wall and inside
air is for the turbulent region given by:

1/3 1/3

Nu = 0,1 Gr Pr (5.a)

resulting in:

@ = 0,125 (AT)l/3

(5.b)
The forced convective heat transfer is still given by (u4).

For the low inside air velocity of about 0,1 - 0,25m/s the forced and
free convective heat transfer have about the same magnitude. The result
is a heat transfer coefficient of about 5 W/m™K. For the almost horizon-
tal roof (an angle of 26° between voof and horizon is applied for a
common type of glasshouse), the matural convection will be somewhat
smaller, the total result however will be similar, So the inside heat
transfer coefficient is fixed to a value of 5 W/m“K. More accurate
figures can be expected when the inside circulation as a function of
ventilation and natural convection along the heating pipes is deter-
mined. In the present research programme on ventilation this subject is
pursued. For the convective heat transfer between inside air and soily
natural convection will be the most important mechanism; “the circula-
tion is degreased in the canopy. Therefore, a heat transfer coefficient
of 3,5 W/m"K is selected. Along the leaves forced convection will
dominate. )

A great variety of relations is found In literature (Stigter, 1972):

@ = (4 & 13) v02° 17050

1 (8)
This might be motivated because the relations with the low coefficient
have to be applied on both sides of the leaf but in the relations with
the high coefficients both sides of the leaf are already inéorporated.o 5
This is however not always stated clearly. As a compromise o = 5 (v/1)°°
is used, applied on both sides of the leaf. With %ow windspeed of about
0,1 m/s and a leaf width of 5 cm, o will be 7 W/m K.

The convective mass transfer coefficient k is related to the heat
transfer coefficient a according to

X /o C ‘ 7
o /e Cy (7

So in the water vapour model the ¢onvective mass transport  is determined
from the convective heat transport in the temperature model. For the
plant compartment we have taken into account the stomatal resistance
‘according to section 2.

In the soil, heat transfer by conduction is considered between the
soil compartments. Due to the assumed constant water content of the soil
(in glasshouses the soil is kept moisty) the heat conductivity is as
sumed constant at 2 W/mK. :
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4, Bond Graph representation and interactive simulation

The relatively novel bond graph notation (Karnopp et al., 1972;
Oster et al., 1973) is chosen for the representation of the model for
the following reasons:

- it represents the physical structure in an easily recognisable,
compact way

- computational problems can be detected and remedied in the bond-~
graph "

- it is readily converted in a simulation programme, suited for
interactive simulation by using the block oriented simulation
language THTSIM (Kraan, 1974)

Moreover it can also easy be translated into a set of differential

equations, that can be solved by programming in CSMP.

Fig. 1 shows the bond graph of the simplified-glasshouse model. The
nodes or "O-junctions" represent the distinct temperatures or vapour
pressures in the model. The line elements or '"power bonds" correspond
with energy flow, the half arrow indicating the prescribed positive
direction. A bond-is actually a shorthand notation for the interaction
between components and involves two signals.,

G E ‘e /16
N 1/6'},‘@
€air ' Ti SF

J;:\o?n: PT‘\,G \J—;G

fig. 1. Bond graph of simplified glasshouse
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On the top of the right side or thermal part of the model the direct
and diffuse radiation is represented by a time dependent source of heat
flow (SF), acting on the heat capacity (C) of the roof. From this "T
roof" the heat flows in several directions via "l1-junctions" to which
heat transfer components "G" are connected. The G's represent the
linear or non-linear heat transfer by conduction (in the soil), by con-
vection and by radiation. On the bottom right side the heat flow is seen
to enter a regular conductance - capacitance network, representing the
compartimented soil.

The left side of the bond graph is the vapour model. There the mass
‘balance of the vapour in the inside air is represented by the vapour
capacity C, with its associated state variable e_. . An incoming flow
source SF and an outgoing G represent the vapoura%gich comes in and goes
out by ventilation.

The coupling between the vapour and thermal parts of the model involves
evaporation or condensation at the soil surface (lower coupler) and at
the plant surface (middle coupler). At the glassroof (top coupler) only
condensation takes place. The couplers are represented by transducers
(TD). Due to the interactive nature of the energy exchange each TD rep-
resents two relations: one between the vapour pressure and its associat-
ed temperature and one between the vapour mass flow and the corresponding
- latent heat flow.

The stomatal behaviour is incorporated in the non-linear Gst component,

om
A more detailed description of the bond graph model and its simulation
is given in a previous paper (Bot et al., 1976). The THTSIM programme
accepts the bond graph structure in a simple way. When the constant or
time dependent parameters of the components and the simulation control
data (timing, plot outputs) are specified the numerical or plotted re-
sponse can be obtained. The user keeps all the time in touch with compo-
nents and a structure having a physical meaning.

T(‘CL WL

fig. 2. Some temperatures over 24 h. fig. 3. Terms of the energy balance
in an unheated glasshouse _ of the plant compartment
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Simulation results are shown in figs. 2, 3 and 4. The temperatures of
the outside air, the cover-, the air-, the plant- and the upper soil-
layer. compartment are given in fig. 2. The glasstemperature has a value
between that .of the inside air and outside air at night, by day it has.
nearly the same value as the inside airtemperature though the outside
heat transfer coefficient is much higher than the inside one. This is
caused by the high rate of radiation absorption. By day, the plant tem-
perature is a few degrees higher than the air temperature, at night they
are nearly the same. The adjustment of the plant temperature is given in
fig. 3. In the daytime, incoming radiation is mainly compensated by
transpiration. The thermal radiation to and .from the soil and the glass
nearly compensate each other. Also for varying weather conditions simu-
lations can be made. ’

Fig. 4. Temperatures and heat flows during a cold rainshower

Fig. 4 shows the heat flows and temperatures at one moment during a cold
rainshower. It is represented in a formalised bond graph way (Sankey
diagram), constructed from the printer outputs.

This type of diagram gives a good insight in the heat and vapour flows
in the system under varying conditions.

5. Conclusions

Optimal plant growth is formulated as a hierarchial control problem
with three control levels. A physical climate model-is promising for
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application in a control algorithm for both heating and ventilation.
This model is kept simple because it is applied in a cdlosed control loop
and it is not yet possible to quantify accurately all involved transport
processes. By sensitivity analysis, the sensitive parts of the model can
be located. For control in the second level, not only plant exchange but
also plant processes have to be included in the model. Presently, plant
behaviour can be described as a function of the environmental parameters
and used in the simulation of the microclimate (Goudriaan, 1877). At the
third level, a lot of horticultural knowledge is available, but only in
static form. In the systems approach dynamic optimization has to be
performed. A first attempt is published recently (Challa, 1977).
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