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ARTICLE INFO ABSTRACT

Greenhouses are complex systems that require considerable amounts of energy. In order to optimize their
performance, it is necessary to reduce the amount of energy per unit of crop produced. This requires a combined
assessment of greenhouse energy balance and crop growth, as well as their interaction. In this work, more than
30 existing greenhouse models are reviewed and different algorithms are combined to propose an integrated
energy-yield model. The physical model of greenhouse energy demand is based on the dynamic energy and mass
balance while yield production is based on a physiological crop model.

The integrated model is validated with observed energy demand and crop yield datasets during one full
tomato growing period. There was good agreement between modeled results and measured data. The key ad-
vantage of the integrated model is that it can analyze drivers for greenhouse energy losses and quantify the
influence of measures on both energy demand and crop yield. Due to the model's dynamic and high temporal
resolution, it is possible to study the use of renewable energy sources in greenhouse operation, as illustrated for
thermal storage by means of phase change materials. A sensitivity analysis by changing day/night temperature,
CO,, indoor concentration and artificial lighting is performed. The results illustrate how the model can be used
for optimizing the performance of greenhouses in terms of specific energy demand (energy per crop produced).
Therefore, the integrated model can be a tool for determining the optimum design and control parameters, which
is particularly relevant for growers and sustainable agriculture systems in general. This study presents a para-
metric decision support tool that assists planers with optimizing energy performance of greenhouses while
analyzing the trade-off between energy demand and crop yield.
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1. Introduction

In light of the growing worldwide population, efficiency increases in
agricultural production are needed to meet the additional food demand.
Food production by means of greenhouses represents a strategy to in-
crease crop yields, by providing favorable ambient conditions of tem-
perature, water supply and fertilization with CO, and nutrients [1].
This allows to prolong the cultivation period in cold regions and
therefore also to avoid environmental impacts for food transport.
However, providing a favorable climate in the greenhouse, especially
during offseason cultivation of crops, requires more energy consump-
tion than open field agriculture [2,3]. Therefore, increasing protected
cultivation in greenhouses to achieve more yield per unit area will in-
crease the energy consumption [4-7] and related environmental im-
pacts [8-11], making the specific energy demand (i.e. units of energy
per crop yield) of greenhouses a crucial issue [12,13]. For instance,
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production costs in EU greenhouses, as the largest supplier of green-
house products, is 78% of total cost, with energy consumption being the
largest share [14-17]. By shifting towards renewable energies for
greenhouse operation, it is possible to reduce non-renewable energy
consumption by 40% [14,16]. Hassanien et al. [18] review the utility of
solar energy technologies in the greenhouse microclimate control sys-
tems specifically heating, cooling, lighting and irrigation systems. They
show that advanced solar energy technologies such as solar air heaters,
solar thermal collectors and photovoltaic (PV) water pumping can
usually be applied very well in greenhouse and thus reduce environ-
mental impact. Giil Bayrakeci et al. [19] quantify the potentials of re-
newable energy sources, such as solar, biomass, wind, geothermal, and
hydropower for Turkey. Greenhouses can be considered the largest
commercial solar buildings [20], as they use solar energy to allow
cultivation of different crops in places where previously no agriculture
was possible [21].
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Nomenclature

Symbols

Ca Specific heat of air (Jkg™* K1)

C Condensation on the greenhouse cover, [g m?2s1]

Ccoz CO,, concentration of inside greenhouse (ppm)

Dx(Typ  Function for fruit development rate (day™)

E Crop transpiration (gm™2 s™)

Sfr(T) Function to modify partitioning to fruit vs. Average daily
temperature, T4 (dimensionless)

fn(T) Function to modify node development rate as a function of
hourly temperature (dimensionless)

GRet Net aboveground growth rate (g dry weight m™ ground
day‘l)

h the average height of the greenhouse (m)

LAI Leaf Area Index (m? leaf m™2 ground)

LAl ~ Maximum leaf area index (m? leaf m ground)

N Number of nodes on main stem

N, Coefficient in expolinear equation, projection of linear
segment of LAI vs N to horizontal axis (node)

Ngr Nodes per plant when first fruit appears (node)

N, Maximum rate of node appearance rate per hour at op-
timal temperature (node h)

D1 Loss of leaf dry weight per node after LAl is reached (g
leaf node™)

PPFD Photosynthetic photon flux density (umolm2 s™)

Qeon the convective and conductive heat transfer (W)

Qg The input energy to maintain the desired temperature in
the greenhouse (W)

q The energy exchange of the thermal radiation from the
greenhouse interior to outside (W)

Qiamp Energy transfer of artificial lighting (W)

Qirans the heat flux due to crop transpiration (W)

Qsolar The energy transfer of incoming solar radiation (W)

Qyent Heat loss due to natural ventilation (W)

T Hourly temperature (°C)

T4 Average daily temperature (°C)

Tqayime ~Average temperature during daytime hours (°C)

V, greenhouse volume (m®)

v Moisture loss through the ventilation windows, [g m2s!]

w Above ground dry weight (g dry weight m™ ground)

Wr Total fruit dry weight (g dry weight m™2 ground)

Wy Mature fruit dry weight (g dry weight m™2 ground)

Greek symbols

arp Maximum partitioning of new growth to fruit (fraction
day™)

B Thermal expansion coefficient (dimensionless)

Bc Coefficient in expolinear equation (node™)

] Maximum leaf area expansion per node (m? leaf node™)

Kp Development time from first fruit to first ripe fruit (node)

AT Temperature function to reduce rate of leaf area expansion
(dimensionless)

v Transition coefficient between vegetative and full fruit
growth (node™)

p Plant density (number of plants m™ ground)

Pa greenhouse air density (kg m™)

$coz CO, flux (gm™>s™)

X Absolute water vapour concentration of greenhouse air,
[gm?]

3 Roof slope (degree)

Subscripts

(0] Outdoor condition

crop Crop level

air,sat Saturated air

Protected cultivation systems can be found around the world. They
range from passive solar greenhouses [22,23] and low-cost greenhouses
[24-29] to the high-tech greenhouses [7,30]. There is a trend towards
more use of renewable energy technologies, such as PV modules, solar
thermal collectors and thermal energy storages, to decrease fossil fuel
consumption of conventional greenhouses [4,31,32]. Cuce et al. [31]
concluded that 80% energy saving in greenhouses is achievable by
appropriate application of renewable energy resources depending on
climatic conditions and crop type. To consider the impact of them on
the greenhouse energy consumption and yield production for designing
an optimum energy system, an integrated model is required to in-
vestigate both issues, simultaneously. Such an integrated model is
missing in literature, as previous models have focused on either energy
demand or crop growth. Such an integrated model is missing in lit-
erature, as previous models have focused on either energy demand or
crop growth.

1.1. Greenhouse energy models

Typical numerical energy demand models for buildings are not
suitable for determining energy demand of greenhouses. The main
reason for this is the microclimate in the greenhouse, which is de-
termined by the crop canopy during different stages of crop growth, is
constantly changing, unlike typical buildings [33]. A number of authors
have developed approaches to determine greenhouse specific energy
demand. Following an initial analysis of greenhouse energy balance to
simulate greenhouse inside temperature [34,35], a number of dynamic
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models were developed. These models simulate the greenhouse climate
as a function of the outdoor climate and the greenhouse's physical
features [36-39]. Tiwari et al. [40], Chou et al. [41] and Singh et al.
[27] used previously developed dynamic models as an analytical model
to estimate energy demand by considering the impacts of different sizes
and shapes of greenhouses. Sethi et al. [42] improved the previous
dynamic energy models by modeling the effects of solar radiation on
different greenhouse shapes. Vanthoor et al. [43] extended the model of
Bot [38] and developed a greenhouse climate model to apply to four
different greenhouse designs under three climatic conditions. Vadiee
and Martin [20] investigated the performance of the closed green-
houses with long or/and short thermal storage technology (TES) in-
tegration. Van Beveren et al. [30] and Joudi and Farhan [26] developed
and validated dynamic greenhouse microclimate models to describe the
energy and mass exchanges between the inside and outside of the
greenhouse, and applied the models to analyze the thermal perfor-
mance in the greenhouses. Chen et al. [33] proposed a methodology to
predict the energy demand of greenhouses based on the energy and
mass balance. They utilized a sensitivity analysis methodology to cali-
brate the uncertain parameters of the energy model by using the
measured data in an experimental greenhouse. Although some of the
abovementioned energy models consider different basic greenhouse
energy losses, none of them is able to directly account for the effects of
plant growth, namely evapotranspiration with dynamic leaf area index
and CO, assimilation. While they use some parameters from crop type
as inputs, they cannot predict the impact on yield production.
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Table 1 (continued)

Description

Crop model

Energy model

Reference

Yield

Photosynthesis

LAI

Indoor CO, Indoor Humidity

Indoor Temperature

Sensitivity analysis of a combined greenhouse climate -crop yield

model of tomato

Carbohydrate production  Fruit production

LAI production

Dynamic humidity

balance
n/a

Dynamic CO,
balance
n/a

Dynamic energy balance

Vanthoor, 2011 [12]

Application of TOMGRO for different geographical locations

Daily fruit

Hourly Carbohydrate

production

n/a

Hourly LAI
production

n/a

n/a

Bacci et al., 2012 [54]

production

n/a

A review on heating technologies

n/a n/a

Thermal modeling

Sethi, 2013 [65]

We used the generalized procedure for developing greenhouse

thermal

Model. (See Section 2.1)

Performance investigation of the closed greenhouses with long or/

and short thermal storage technology (TES) integration

n/a

n/a n/a

n/a

n/a

Dynamic energy balance

Vadiee and martin, 2013

[20]
Van Beveren et al., 2015

A dynamic optimization tool development based on optimal control

theory

n/a

n/a

n/a

Dynamic humidity

Dynamic CO,
balance

balance

Dynamic energy balance

[30]

CO, and relative humidity balances are used in our model in an

adapted form. (See Section 2.1 and Egs. 2 and 3.

Development and validation dynamic greenhouse microclimate

n/a

n/a n/a n/a n/a

Dynamic energy balance

Joudi and Farhan, 2015

[26]
Chen et al, 2016 [33]

Prediction the energy demand of greenhouses based on the energy

n/a
and mass balance

n/a n/a

n/a

n/a

Dynamic energy balance

Energy balance is used in our model in an adapted form. (See

Section 2.1 and Eq. 1).

Application of TOMGRO for different geographical locations

Daily fruit

Hourly Carbohydrate

production

Hourly LAI
production

n/a

n/a

n/a

Shamshiri et al., 2016

production

[56]
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1.2. Greenhouse crop yield models

A number of vegetable crop models, which investigate the effect of
greenhouse climate conditions on crop growth and yield, are discussed
in the literature [44]. Some of the more common models for tomato
yield are TOMSIM (Heuvelink [45-47]), TOMPOUSSE (Abreu et al.
[48]) and TOMGRO (Jones et al. [49,50]). TOMPOUSSE is a simple
model to estimate weekly production of greenhouse tomatoes [48]. This
model investigates the effect of the weekly average greenhouse air
temperature on flowering rate and harvested fruits by a linear regres-
sion model. TOMSIM and TOMGRO have been developed based on dry
matter production and dry matter distribution. Both of these models use
the same approach for dry matter production. Potential crop growth
rate is computed by integration of hourly leaf assimilation rates over
total crop leaf area throughout the day. Crop growth is resulted by
multiplying the conversion efficiency. Differences between these two
models are due to dry matter partitioning and interactions between dry
matter production and partitioning. Both of these models are able to
account for the effects of temperature, CO, concentration and solar
radiation on crop yields. The TOMGRO model comes in various versions
of differing complexity. The original model [49] has 69 state variables,
an advanced version of the model has 574 state variables [51] and,
finally, a simplified version has only five state variables [50]. The re-
sults of Jones et al. [50] showed that the simplified version of TOMGRO
is sufficient in predicting tomato growth and yield for different loca-
tions. Ramirez et al. [52] compared the more complex model of
TOMSIM and simplified version of TOMGRO for total dry matter pro-
duction in greenhouses located in Southeast of Spain. The difference
between both models is that TOMGRO calculates leaf area index and
TOMSIM computes the number of fruit trusses as the vegetative de-
velopment rate. Ramirez et al. [52] and Bertin and Heuvelink [53]
showed that both models can represent the dynamic growth behavior of
a tomato crop with varying numbers of input variables. Several works
[54-56] confirmed the application of the reduced state variables ver-
sion of TOMGRO for different geographical locations, such as Italy,
Greece, and Malaysia. All of the articles conclude that crop models are
useful for investigating the effects of greenhouse microclimate on crop
growth and yield. However, none of them are capable of quantifying
the amount of energy which is needed to provide favorable climate
conditions.

1.3. Coupling of greenhouse and crop yield models

Table 1 summarizes and characterizes the most important models
for simulating greenhouse energy demand and crop growth.

To our knowledge, the only model that includes a full energy and
crop model and the related terms and processes listed in Table 1 was
performed by Vanthoor et al. [12]. However, their model uses the es-
timated indoor climate (energy, CO, and humidity) as input for the
tomato yield model, but does not consider feedback influence of crop
growth on indoor climate. Therefore, their model only can investigate
the effects of indoor climate on yield production (e.g. effect of indoor
CO,, concentration on crop yield) but would not be able to analyze the
impacts of crop growth stages on greenhouse microclimate and energy
demand (e.g. impact of LAI expansion on heat loss). Other than that, no
integrated framework considering all important terms in greenhouse
energy demand and crop growth, and therefore their mutual effects,
exists.

Only an integrated model can account for every stage of crop
growth in different seasons and the effect on total energy consumption
and yield production.

In this work a new integrated framework fulfilling the following
requirements is proposed:

i) couple greenhouse energy demand and crop yield models and im-
prove state-of-the-art of integrated greenhouse energy-crop yield
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models

ii) perform integrated simulations of energy demand and crop growth
on a high temporal resolution

iii) evaluate the integrated model with empirical data from existing
greenhouses

iv) analyze the potential of renewable energy use

v) investigate the possible effects of different set points over practical
ranges of temperature, CO, and light

To fulfill these requirements we combine the greenhouse energy and
climate models by Chen et al. [33], Van Beveren et al. [30], Van
Beveren et al. [7], De zwart [58] and Bontsema et al. [64] and for-
mulate greenhouse model based on a generalized procedure which is
introduced by Sethi et al. [65]. The reduced state variable of TOMGRO
[50] is selected as the basis for the crop growth model. These models
were selected because they take into account all basic energy demand
and crop growth mechanisms in a dynamic way. The dynamic and
comprehensive behavior of the selected models in their own fields helps
us to develop the integrated model.

The proposed integrated framework simulates the energy balance
within a climate-controlled greenhouse, focusing on heating energy
demand. By calculation of greenhouse energy demand, decision makers
(growers and greenhouse holders) would be able to design a new op-
timum energy supply systems or improve an old one.

2. Model description

Greenhouse climate is typically described by indoor temperature,
humidity and CO, concentration [7]. For keeping each parameter in an
acceptable range for crop growth, greenhouses require conditioning of
the indoor climate, which requires energy for different kinds of pro-
cesses (heating, cooling, ventilation, etc.) and materials (glazing, plastic
cover, etc.).

2.1. Dynamic energy model

Energy gains and losses were quantified for individual time steps. In
this work two kinds of time steps are considered: a) hourly time step
which is demonstrated by i and varies from 1 to 24, b) daily time step
which is represented by j and varies from 1 to 365. Although hourly
time step has a higher temporal resolution in greenhouse energy de-
mand, the daily time step for crop growth is needed for the sake of
integration of energy-crop yield model.

The energy balance used in this work is based on Chen et al. [33].
This model simulates all important energy flow mechanisms as func-
tions of inside air temperature. Therefore, by controlling inside air
temperature, the greenhouse heating energy demand will be de-
termined. We adapted the model so that heat flux due to crop tran-
spiration and ventilation are calculated, as introduced in the models of
Van Beveren et al. [30] and De Zwart [58], respectively. The enhanced
overall greenhouse heat balance equation is presented in Eq. (1) [33]:
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conductive heat transfer (W) (Eq. (S.5)), quans is the energy flux due to
crop transpiration (W) (Eq.(S.9)), q; is the energy exchange with the
exterior due to long-wave and short-wave radiation (W) (Eq. (S.6)), and
Qyene is the energy transfer due to mass transfer by means of ventilation
(W) (Eq. (S.15)). The related equations to calculate all terms in Eq. (1)
are explained in the Supporting Information through Egs. (S.1) to
(S.21). Also, parameter description and constant values are summarized
in table (S.1).
The humidity balance for a greenhouse is described by [7,30,64]:

L))
dt;
1, 2,..

G, (i, J)) E(i,j) + V(i,j) + C[i,j]

j=1, 2,..,365

1 =

@

Where G, is the amount of water necessary to inject into or reject from
the greenhouse for maintaining the desired water content in the
greenhouse atmosphere (gm? s), h is the average height of the
greenhouse (m), E is the crop transpiration rate (g m?2s?) (Eq. (5.23)),
V is the moisture loss through ventilation (gm™ s) (natural and/or
mechanical, Eq. (S5.25) and C is the condensation on the indoor
greenhouse cover (g m?2sh (Eq. (S.24)) and occurs when the cover
temperature is below the dew point temperature of the air.

CO,, can be supplied to the greenhouse through replacing inside air
with fresh air. However, in cold seasons with lower ventilation, CO,
consumption can be higher than the CO, influx. When inadequate CO,
is available from fresh air alone, CO, injection is required. The addi-
tional CO, can also enhance crop yield [49].

The CO, model that is applied in this work is based on [7] and total
CO,, balance in the greenhouse is described by:

dCco, (i, j)
dti
1, 2,..., 24

h

¢C02,inj(i’ = + Pcosa [i,j] + Pco,v (i’j]

i = j=1, 2,.., 365

3

dTin (i, j)

R

— [sotar (s 1) + Qpamp (&> D1 + qcon(i,j)+m

+ qlrans(i’j) + ql(l’\]) + qvem(i’j) i=1,
2,..., 24 j=1, 2,.., 365

(1)

Where (ij) is ith hour of jth day of year, g, is the hourly energy required
(model output) to maintain the desired temperature in the greenhouse
(W), p, is the indoor air density (kg m®), V, is the total indoor air vo-
lume (m®), C,, is the specific heat capacity of air (J kg™ K™), Tj, is hourly
indoor desire temperature (model input), g, is the energy transfer of
incoming solar radiation (W) in the interior (Eq. (S.2)), qiamp is energy
transfer of artificial lighting (W) (Eq. (S.3)), qcon is the convective and

Where ¢¢oz,inj is the injection of pure industrial CO, to the greenhouse
(gm? s, peoz,q is the assimilation of CO, by the crop (gm™> s™) (Eq.
(5.28)) and ¢¢oa,, is the CO, exchange with outside air due to venti-
lation (g m?2s?) (Eq. (S.29)).

2.2. Dynamic crop growth and yield model

The applied crop growth and yield model in this work is based on
TOMGRO, which was originated and developed through [49,50,66-71].
Jones et al. [50] simplified TOMGRO to a reduced state variable model.
They simulated basic crop growth processes such as photosynthesis,
respiration and node development using five state variables. Plant de-
velopment is described by N (node) and Leaf area index (LAI) (m? leaf
m~2 ground) as node number and leaf area index, respectively. W (g dry
weight m™2 ground) is the [CTIIPIENMGINMEIEAt and describes the
vegetative tissue development. [IGTEINGRHEVeISH nd FEECHRN
ESEESEHE are modeled by W (g dry weight m™2 ground) and Wy, (g
dry weight m™ ground). In this work, plants are assumed to be well
fertilized and watered [49]. The effect of CO, concentration on crop
growth is added to the model of Jones et al. [S0]. The governing
equations for calculation of each state variable are presented below.

Node development rate is modeled as multiplication of node max-
imum appearance rate per hour by a function that considers the effect
of non-optimal temperatures on node appearance rate. The equation of
node development rate is presented by Eq. (4) [50,72]:

dN (. j)
dt;

1 =

Npfy (T, 1))

1, 2,.,24 j=1, 2,., 365 )

Where N,,, is maximum rate of node appearance rate per hour at optimal
temperature (node hour™) and fn(T(ij)) is a function to modify node
development rate as a function of hourly temperature (-).
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Leaf area index (LAI) is a simultaneous function of node develop-
ment rate and temperature, and is calculated as [50]:

d(LAIG, j)) _ exp[Be (NG, J) — Ny)] dN(, J)

= poA(T if:
a O gl -NT @ U
LAI(i,j] < LAy
7‘1@‘4;[(1’])) =0 if: LAI(i,j) > LAl i=1,
2,24 j=1, 2., 365 ®)

where p is plant density (number of plants m~ ground), & is maximum
leaf area expansion per node (m? leaf node™), \(T) is temperature
function to reduce rate of leaf area expansion (-), fc and N, are coef-
ficients in expo linear equation and LAI,,, is the maximum possible leaf
area index (m? leaf m ground).

Total plant weight is calculated by subtracting leaf removal or se-
nescence from net aboveground biomass growth rate [49,50]:

dN ()

(6)

dWe(j)

aw ()

) ) ,
actual

j =

min [GRnet (]) - Plp(

dN ()

+ (Vmax_pl]p (

1, 2,.., 365

Where (j) is jth day of year, GR, is above ground biomass growth rate
(Eq. (S.32)), p; is loss of leaf dry weight per node after LAlyax is
reached (g[leaf] node)), Wy is fruit dry matter (Eq. (7)) and Vy,qy is
maximum increase in vegetative tissue dry weight growth per node (g
[dry weight] node™).

The fruit dry matter developing rate is calculated by Eq. (7) [50]:

dWe(j)

= GRu (Napfp (Ta()[1 — exp(=v(N () = Npr))]X...

X & (Taaytime())  if: N> Ngp j=1, 2., 365

)

Where ar is maximum partitioning of new growth to fruit (fraction
day™), fs(T4(j)) is a function to modify partitioning to fruit for average
daily temperature, v is the transition coefficient between vegetative and
full fruit growth (node™), Ngr is nodes per plant when first fruit appears
(node) and Tgqyrime(j) is average temperature during daytime hours (°C).
Daytime hours are determined based on estimation of sunrise and
sunset which are function of day number and latitude of greenhouse
location [73].

Jones et al. [50] introduced a lag for maturity of the first fruit and
used a function developed by Marcelis and Koning [74] to compute the
average development rate:

AW (j)
j =

Dr(T)(Wr () — W (D) if:

N > Ngp + xp

1, 2,..., 365 ®

In Eq. (8), Dp(Ty) is a function for fruit development rate (day™) and
kr is development time from first fruit to first ripe fruit (node).

Egs. (4)-(8) are five equations which, when solved, result in five
state variables for describing the tomato growth and yield model. Node
development rate (N) (Eq. (4)) and leaf area index (LAI) (Eq. (5)) are
solved hourly. Their values at the end of each day are used in Eqgs.
(6)-(8). Complete explanations for crop growth model details are de-
scribed through Egs. (S.30) to (S.39)

Outputs of the model are the hourly heating and cooling demand,
hourly energy losses and gains, hourly required CO, for the aim of CO,
enrichment, hourly required water for the aim of relative humidity,
hourly crop vegetative growth, daily fruit development rate and daily
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mature fruit production. The overall model structure and the relation-
ships of mathematical equations are illustrated in Fig. 1.

2.3. Solution strategy

The integration procedure of energy-crop yield model is demon-
strated in Fig. 2. Physical properties of the greenhouse construction and
materials, such as cover materials, shape, number and size of windows,
geographical direction, etc. are the first inputs of the integrated model.
These inputs affect both the energy and crop growth models. For in-
stance, thicker cover materials have less energy loss but reduce the
amount of available solar radiation, which influences plant growth.
Environmental conditions such as solar radiation, outside temperature,
humidity, CO, concentration, wind speed and direction are the most
important inputs affecting energy demand of a greenhouse. Indoor
desired temperature, humidity and CO, concentration and crop phy-
siological properties are the other important model input variables.

By solving Egs. (1)-(5), hourly values for greenhouse demands
(energy, CO, and water) and crop vegetative part's development are
calculated. These hourly calculated values are taken as inputs to the
next hourly time step. Node development (N) and leaf area index (LAI)
values at end of each day are used as inputs of Egs. (6), (7) and (8).
Therefore, all state variables are refreshed hourly and daily. The ad-
vantage of this integrated model is that it can consider the effects of
outside environmental conditions on energy demand and crop growth
and their interactions at the same time. This feature of the model
provides a powerful tool to optimize economic and environmental
performance of the greenhouse.

2.4. Model validation with empirical data

The greenhouse empirical data belongs to Agroscope, a federal re-
search institute in Conthey (46.2245°N, 7.3035°E), Switzerland. The
tomato crop trial was conducted in a multi span Venlo type greenhouse
of 12.8 m length, 28 m width and a 5m average height for each com-
partment. The south wall is made of polycarbonate, the other ones are
single glass and the roof is made of tempered security glass with a
thickness of 4 mm. CO, was injected during the day until ventilation
windows were 10% opened. The planting density was 3.47 stems per
m?. The operation period of the greenhouse was from 25.01.2016 to
12.10.2016. Hourly outdoor radiation, temperature, humidity, CO,
concentration, and opening percent of thermal and shading screen were
logged and are used as model inputs. General physical features of the
greenhouse and operating set points are summarized in Table 2.

Model performance is investigated using quantitative techniques,
which are divided into three major categories: standard regression,
dimensionless techniques and error index. In this study, the coefficient
of determination (R?), relative root mean square error (RRMSE) and
percent bias (PBIAS) are selected as representative of each category,
respectively. The coefficient of determination (R?), which is calculated
using Eq. (S.40), determines the degree of linear relationship between
simulated and measured data. R ranges from 0 to 1, with higher values
indicating less error variance. Values greater than 0.5 are considered
acceptable [75]. Percent bias (PBIAS) evaluates the average tendency of
the simulated data to overestimate or underestimate the reality [76].
Positive values present model underestimation bias, and negative va-
lues present model overestimation bias [77]. PBIAS is calculated with
Eq. (S.41). Relative Root Mean Square Error (RRMSE) provides a re-
lative model evaluation assessment and ranges between 0 and 1, with
RRMSE = 0 being the optimal value and with lower values indicating
less error [78]. Relative Root Mean Square Error (RRMSE) is calculated
with Eq. (5.42):
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3. Results
3.1. Model application and validation

To evaluate the overall integrated model performance, the modeled
results are compared with observed data from the Agroscope green-
house (described in Section 2.4). The hourly environmental climate
condition data, greenhouse physical properties and agricultural man-
agement during crop growth are used as inputs of the integrated model.
We compare the model results with empirical monthly energy con-
sumption data, weekly yield data and annual energy consumption for
1 m? of greenhouse and 1 kg of yield.

Fig. 3 compares simulated energy consumption with observed data
from Agroscope. As expected, energy demand reaches its maximum
during the winter season. The integrated model estimates both winter
and summer heating demand, which suggests that the model is capable
of estimating energy demand during different seasons based on outdoor
climate condition and crop growth. Greenhouse energy demand is de-
creased during spring, reached its lowest value in summer, and follows
an increasing trend in the fall. The integrated model reflects this trend.
An R? value of 0.91 indicates a highly linear relationship between ob-
served and simulated data. An RRMSE value of 0.27 indicates an ac-
ceptable deviation of simulated data from observed data. A PBIAS value
of 0.18 suggests an underestimation of the integrated model. While
model can calculate the hourly heating demand, an aggregation to
monthly heating demand was performed to compare these values with
monthly observed data.

Different energy gains and losses are depicted in Fig. 4 to analyze
the effects of heat transfer mechanisms on greenhouse energy demand.
This figure highlights the role of the leaf area index on the transpiration

Solar radiation
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heat losses. Losses are negligible in winter due to a low leaf area index
at the beginning of the crop growth period. Other heat losses (such as
conduction and convection heat losses from greenhouse cover and
natural ventilation loss), are the dominant mechanisms for heat loss
during that time due to high difference between greenhouse climate
conditions and environmental conditions. Due to the increasing crop
vegetative tissue (i.e. increased LAI) over time, the effect of transpira-
tion loss on energy demand becomes more pronounced. During summer
the leaf area index and solar radiation are at their maximum values, and
transpiration loss becomes the second most important energy loss. Al-
though solar energy gain is increased in summer, it causes more pho-
tosynthesis due to higher leaf area index and, consequently, also more
transpiration loss.

Due to the large temperature difference between the indoor and
exterior climates, natural ventilation is the most important source of
energy loss during winter. As the growing season progresses, outdoor
temperature and solar gains increase and it is necessary to increasingly
evacuate warm air accumulated during the day by means of active
cooling or mechanical ventilation to ensure favorable indoor condi-
tions. Therefore, heat evacuation becomes the largest negative energy
flow during summer. The model quantifies the accumulated excess
heat, but does not consider the method of heat evacuation (e.g. active
cooling or mechanical ventilation). While the focus of this work lies on
modeling the demand side, supply technologies can be easily added in
future work.

Fig. 5 illustrates simulated transpiration loss with and without
considering feedback from crop growth. For simulating transpiration
loss without crop growth feedback, an average value for leaf area index
(LAI) is considered in the greenhouse energy model [7,30,33,64]. In
this case, transpiration loss is a function only of solar radiation. Fig. 5
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Fig. 1. Overview of the integrated modeling framework.
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e Greenhouse diameters, material e Hourly desired inside temperature,
properties etc. CO; and relative humidity

e Crop physiological e Hourly solar radiation, Outdoor
properties temperature, wind etc.

i=0 Hourly time step
j=0 Daily time step

Node number
N(ij)
Leaf Area Index
LAI(i,j)

Crop CO, Transpiration heat
assimilation loss

Dcoz,alirj) Girans (i)

Crop transpiration
E(ij)

Fig. 2. Schematic algorithm for developing the integrated framework of greenhouse energy-crop growth.

shows that models without crop growth feedback overestimate tran- including seasonality in modeling a greenhouse.

spiration loss in the beginning of crop planting and underestimate it Fig. 6 shows the effect of including feedback from the crop growth
during maximum LAI values. On the other hand, crop model feedback is model on the greenhouse monthly and daily energy demand. The metric
taken into account in the integrated model. The inclusion of feedback performance of both, the integrated and the standalone energy model
from crop growth in the integrated model shows the importance of are worse for daily time steps than in the monthly analysis. The only

494



F. Golzar et al.

Table 2

Physical features and operating set points of Agroscope greenhouse.
Parameter Dimension Value
Greenhouse floor area m? 359
Greenhouse height m 5
Greenhouse surface area m? 468
Number of windows per m> - 0.078
Length of the window m 2
Plant density number of plants m~ ground 3.47
Roof slope degree 45
Day/night temperature set point °C 20/16
CO,, concentration set point ppm 500
Humidity set point % 70-90

exception is PBIAS, which suggests that the underestimation in the
daily analysis is lower, compared to the monthly one.

However, in both cases, the integrated model performs better than
the standalone energy model without crop feedback. Particularly,
during warm days of the year (from day 180 on in Fig. 6-b) which
coincide with high levels of Leaf Area Index (LAI) and solar radiation,
the differences between two models are more pronounced. Therefore,
the consideration of crop feedback improves model performance re-
gardless of the time resolution.

Fig. 7 shows the observed and simulated data for fruit dry weight.
The model shows a very high determination for the R? of 0.96 and a less
positive result for the RRMSE with 0.23. Overall the model appears to
underestimate crop yield (PBIAS = 0.18). These results are very similar
to the ones from the validation dataset of Jones et al. [50], as illustrated
in Fig. S.4. Nevertheless, the comparison of Fig. 7 and Fig. S.4c shows
that the crop yield model of the present work has estimated fruit dry
weight of the Agroscope greenhouse with higher accuracy in compar-
ison to the Lake City greenhouse in [50]. This is likely because of the
use of more precise hourly data for the environmental conditions of the
Agroscope greenhouse. In contrast, the climate data used for simulating
the fruit dry weight of Lake City greenhouse was based on daily
averages due to a lack of more detailed data. This illustrates the im-
portance of high resolution climate data availability.

To investigate the general performance of the integrated model,
three indices are defined and results are compared in Table 3. Index i
indicates the amount of heating energy that is consumed to provide
favorable conditions in the Agroscope greenhouse and is used to ana-
lyze the energy demand performance of the integrated model. Index ii
evaluates total crop growth performance of the integrated model. Index
iii shows the amount of energy which is needed to produce one unit of
yield. Although indices i and ii are useful to investigate the performance
of energy and crop growth model separately, specific energy (index iii)
is a more meaningful measure to compare the tradeoffs between energy
and crop growth. Observed and simulated values of these indices and
their relative errors are compared in the Table 2. The most important
reason of errors is that the integrated model was not calibrated to the
specific greenhouse. Although calibration could reduce the relative
errors, it was our intention to present the raw output data to evaluate
the model performance as a predictive tool in situations where no
measurements are available.

Further evaluations of the individual model parts can be found in
the Supporting Information Section 3.

3.2. Analysis of renewable energy integration

The appropriate use of renewable energy sources has a substantial
potential to reduce greenhouse energy demand. Storage of solar energy
during day and releasing it during night has been found to be one of the
most cost-effective methods of renewable energy utilization [5,79,80].
To illustrate the application of the model in conjunction with renewable
energy use, we model the use of phase change materials (PCM)

Renewable and Sustainable Energy Reviews 96 (2018) 487-501

[79,81,82] for the Agroscope greenhouse. Using the previous model, we
assume that a calcium chloride hexahydrate (CaCl,-6H,0) element of
4 cm thickness is used as a PCM element on the north-facing wall of the
greenhouse. As seen in Fig. 8-a, temperature set points for tomato crop
are 24°C and 16 °C for day and night, respectively. Without the PCM
element and without an active heating system, the inside temperature
comes close to the outside temperature at night. With the use of the
PCM element, however, indoor temperature remains at about 12°C
without energy input and, therefore, considerably above the outside
temperature. This translates to considerable energy savings, as illu-
strated in Fig. 8-b. The cumulated heat demand throughout the day
(dotted lines) is almost half for the PCM case, compared to the situation
without PCM.

Fig. 9 illustrates the effect of thermal storage on energy demand for
an entire crop season. The energy savings are particularly high during
the cold months of the year, due to longer nights and colder outdoor
temperatures. On average, the use of PCM reduces annual energy
consumption by 15%. As the benefits from integrating renewable or
sustainable energies depend on a number of factors, the model can be a
helpful tool for planers to evaluate the economic, energetic, and en-
vironmental benefit of greenhouse design. Further advanced renewable
energy strategies will be investigated for greenhouses in an upcoming
paper.

3.3. Sensitivity analysis

3.3.1. Effects of greenhouse temperature set point

Literature review shows that growers use different temperature set
points in the greenhouse [30,52,83,84]. Capacity limitations may be
one reason, such as disability of energy supply system to provide higher
temperature, lack of sufficient ventilation system to remove accumu-
lated heating and extreme climate conditions. To evaluate the impacts
of greenhouse temperature on both energy demand and crop yield, four
temperature scenarios (Fig. 10) are simulated with integrated model of
this work. Therefore, other inputs of the integrated model, such as CO,
concentration, lighting, solar radiation and other climate conditions are
the same as in the Agroscope reference greenhouse and only tempera-
ture set points are changed.

In scenario A, day and night temperature set points are both de-
creased by 2 °C in comparison to the base case, to 18 °C and 14 °C, re-
spectively. The result shows that the energy consumption (Index i) will
be decreased by 30% and yield production (Index ii) will be decreased
by 21%. 11% decrease in specific energy (Index iii) shows that this
scenario can be applicable for greenhouse provided that less energy
consumption is more important than more yield production. In scenario
B, both day and night temperatures are 18 °C. In comparison with the
base case, day temperature set point is dropped by 2°C but night
temperature set point is increased by 2 °C. Fig. 10 shows 4% decrease in

16
< 14
2 R2=0.91
s RRMSE=0.27
< 10 PBIAS=0.18
s 8
£ 6
S 4
22
S0
jun)

&

Time of year (monthly)

B Observed data from Agroscope M Integrated model data

Fig. 3. Observed (red) and simulated (blue) monthly heating demand of the
greenhouse. * The last 6 days of this month is presented in the figure (For
interpretation of the references to color in this figure, the reader is referred to
the web version of this article).
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Fig. 4. Monthly heat demand, heat gain and heat losses in the greenhouse.
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——Moving average transpiration loss with feedback from crop model

Fig. 5. Transpiration loss with and without crop growth model feedback.

energy consumption, 1.5% decrease in yield production and 3% de-
crease in specific energy. Although these values are small in comparison
with first scenario, in large greenhouses these differences can add up to
significant absolute energy savings. The comparison of scenario A with
B depicts the effect of night temperature set point: with a 4 °C increase
in night temperature set point 25% more energy is consumed and 18%
more yield is produced.

To evaluate the effect of day temperature, scenario C analyses the
increase of day temperature set point by 4 °C and the same night tem-
perature as base case. In this scenario, energy consumption (Index i) and
yield production (Index ii) are increased by 20% and 25%, respectively.
It confirms that increasing day temperature is more beneficial in com-
parison to night temperature in both aspects of less energy consumption
and more yield production. Another conclusion from scenario C is the
reduction of specific energy (Index iii) whiles both indices i and ii are
increased. It shows that day and night temperature set points of sce-
nario C (24/16 °C) can be applicable for greenhouses which more yield
production has higher preference than less energy consumption.

For analyzing the response of the integrated model to high tem-
peratures, scenario D considers 28 °C and 22 °C as day and night tem-
perature set points. As predicted, energy consumption is increased by
40% which is a considerable amount. However, in spite of increasing
temperature, yield production is decreased by 23%. This result is in
contrast with scenario C. The reason is that day temperatures slightly
above 25 °C cause to start fruit abortion. Previous works [84] confirm
result of scenario D which 25 °C is the critical temperature for tomato
yield production. Rainwater et al. [85] found a yield decrease of
22-51% as a result of crop growth in hot greenhouses (average
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Fig. 6. Comparison of monthly (a) and daily (b) energy demand estimated by
the integrated model and the energy model without crop growth feedback.
Indices subscripts 1 and 2 denote the correlation between the integrated model
results and the observed data and between energy model without crop growth
feedback results and the observed data, respectively.

temperature of 34 °C) while scenario D of this work predicts a 23% yield
decrease in 28 °C.

To conclude, day and night temperature set points have a different
influence on greenhouse energy consumption and yield production. The
developed integrated model in this work can be used as a powerful
decision support tool for growers and decision makers to choose the
optimum diurnal temperature according to their preferences for con-
suming less energy, producing more yield, causing less environmental
impacts, etc.

3.3.2. Effects of CO_ concentration set point
Fig. 11 represents the effects of different CO, concentration set
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Fig. 7. The observed and simulated greenhouse yield.
Table 3

observed and simulated data for greenhouse total heating energy consumption
(Index i), total dry basis yield (index ii) and consumed heating energy for 1 kg
of produced yield (index iii).

Relative error
%

Index Dimension Value

Observed Simulated

Total annual heating kWh 64,318 52,144 —19%
energy (Index i)

Total annual dry basis yield kg 781 756 - 3%
(Index ii)

Specific energy (Index iii") kWh/kg 82 69 - 16%

? Index iii = Heating energy demand / Yield.

points on greenhouse yield production. Energy consumption of the CO,
enrichment system was not considered. If fossil or biomass fuels are
used for greenhouse heating and cooling, CO, rich flue gas comes “for
free” and can be used to increase greenhouse CO, concentrations.

For analyzing the effects of CO5 on crop yield production, four CO,
concentration set points are applied to the integrated model based on
experimental greenhouses [49,86,87]. Other inputs of the integrated
model such as temperature set points, lighting, solar radiation and other
climate conditions are kept the same as in the Agroscope reference
greenhouse. In scenario A, CO, concentration set point is 250 ppm. This
scenario happens when there is not any CO, enrichment and green-
house air CO, concentration drops to 250 ppm due to crop CO, as-
similation. The results of scenario A show that greenhouse yield is re-
duced by 24% in comparison with the base case (500 ppm). It confirms
the importance of CO, enrichment to keep greenhouse air CO, con-
centration at the same level as fresh air CO, concentration as in Sce-
nario B. The increase of yield production resulted by increasing CO,
concentration to more than 650 ppm in scenarios C and D is limited.
Therefore, the marginal benefit of increasing CO, set point on yield
production is larger at low CO, concentrations than higher concentra-
tions. The optimum CO, set point for the Agroscope greenhouse was
650 ppm based on our model.

3.3.3. Effects of artificial lighting

Increasing artificial lighting not only increases photosynthetic
photon flux density but also heats up the greenhouse air. However, it
consumes electrical energy. To extend the hours of natural daylight or
to provide a night interruption to maintain the plants on long-day
conditions, artificial lighting is necessary. In this work, four levels of
artificial lighting are analyzed. For adding the artificial lighting, metal
halide lamps are simulated during night (111.4 W m™ or 9000 Ix). The
effect of artificial lighting on crop growth is simulated by net radiation
at crop level during night time (See Eq. S.14). Amount of heat gen-
eration and electrical energy consumption by lamps are calculated by
Egs. (S.3) and (S.4). When artificial lighting is used in the greenhouse,
energy consumption (index i) considers the effects of both lamps heat

Renewable and Sustainable Energy Reviews 96 (2018) 487-501

generation and equivalent thermal energy of electricity consumption.

Fig. 12 shows that by increasing artificial lighting both energy
consumption (Index i) and yield production (Index ii) are increased.
However, specific energy (Index iii) is increased in scenarios A and B
and then decreased in scenarios C and D. It confirms that more artificial
lighting has a higher effect on increasing yield production than energy
consumption. Another conclusion is that for having a beneficial artifi-
cial lighting, at least 2000 Ix (scenario C) should be added during night
time, based on result of our work.

4. Discussion

For the aim of greenhouse energy systems design and operation
optimization, the presented integrated framework has several ad-
vantages compared to the existing literature. For example, in compar-
ison to the models of Van Beveren et al. and Chen et al. [30,33], 1) It
considers the effects of plant node development and leaf area index
expansion on transpiration heat loss. 2) The model analyzes different
heat loss drivers (Fig. 4) in the greenhouse, which enables to identify
the most important sources of heat loss in different seasons. 3) It cal-
culates greenhouse energy demand, and can therefore be coupled
flexibly with various energy supply technologies.

There are some models in the literature which take into account the
effects of greenhouse air condition on yield production [12,63]. The
advantage of the integrated model in this work is the investigation of
mutual effects of greenhouse energy demand and crop growth. This
means that our integrated model does not only consider the impacts of
greenhouse air condition on yield production, but also it would be able
to investigate the effects of crop growth and yield production on
greenhouse energy demand. In addition, the model is able to investigate
the impact of retrofitting conventional greenhouses with strategies for
the integration of renewable energy resources.

Sensitivity analysis results showed that the current model can be
used to study the possible effects of different environmental control
strategies over practical ranges of temperature set points, CO set points
and lighting. Elings et al. [88] found 16% energy saving by reducing the
temperature set point by 2°C. The integrated model showed a 30%
decrease in energy consumption, as a result of 4°C decrease in set
points (Fig. 10, scenario A). Jones et al. [49] found reductions in fruit
yield of 30% when temperature set points decreased from 28/16 °C
day/night to 20/12°C, which means 2.5% less yield per 1°C lower
temperature set point. The integrated model of the present work cal-
culates 3.1% less yield production for 1 °C lower temperature set point.

Based on results of CO, set point sensitivity analysis of this work,
optimal CO, concentration is in the range of 600-800 ppm while
Mortensen [86] recommended a CO, concentration of 700-900 ppm.
Similar to the findings of this work (Fig. 11), Nederhoff [87] showed
that the effect of CO, concentration on plant growth is higher at low
levels (200-340 ppm) than at high levels (500-700 ppm). Jones et al.
[49] found 18% increase in yield production when CO, was increased
from 350 to 950 ppm with temperatures of 28/16. This work shows
22% increase in yield production when CO, is increased from 350 to
800 ppm with day/night temperatures of 20/16 °C. Marcelis et al. [74]
and Tremblay et al. [89] demonstrated a 0.7-1% yield increase for 1%
light increase for fruit vegetables under temperate greenhouse climate
conditions, in accordance with the findings of this paper (Fig. 12).

As explained in Section 2.3, greenhouse physical properties and
local climate condition are model inputs. Therefore, it is possible to use
the model for wide variety of greenhouses in different climate condi-
tions around the world. The model is able to evaluate energy con-
sumption and yield production according to greenhouse type and local
climate condition. Application of the model in different climate regions
and investigating the effective physical properties in each region is the
aim of authors’ future publication.

Additional insights of the results include: i) the need for considering
the performance of both energy demand and crop growth model, ii) the
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effect of vegetative crop growth on transpiration and greenhouse en-
ergy loss particularly when leaf area index is at its maximum value, iii)
the potential advantages of a dynamic approach to investigate si-
multaneous impacts of greenhouse energy demand and crop production
during different seasons.

5. Conclusions

In this article, an integrated modeling framework to investigate the
direct and indirect interactions of greenhouse energy demand and crop
yield is proposed. The main goal was to understand the dynamic
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behavior of greenhouse climate condition and crop growth as much as
possible to investigate the real performance of the greenhouse by means
of an integrated model. This model is able to simultaneously consider
the effect of changing climate conditions and physical parameters on
energy consumption and crop yield.

The overall performance of the integrated model is validated by
data collected for one full tomato growing period from the Agroscope
research institute in Switzerland. There was good agreement with the
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results of the integrated model and the observed dataset. The model
was found to have high predictive power with a tendency to under-
estimate both energy demand and crop yield results, which is illustrated
by the correlation metrics: for energy demand R? is 0.91, RRMSE is 0.27
and PBIAS is 0.18. The values of R%, RRMSE and PBIAS for crop yield
are 0.95, 0.22 and 0.18, respectively. The temporally differentiated
analysis of energy gains and losses showed that dominant energy loss
mechanisms varied during different seasons and crop growth periods.
One key advantage of the integrated model is that it points to the main
drivers of greenhouse energy losses and yield implications, identifying
hotspots. Specifying main energy loss mechanisms and understanding
the interlinkages with crop yield can be used for a better design and
operation of greenhouses. Furthermore, we illustrated how the model's
capacity to evaluate strategies for integrating renewable energy sources
on the example of phase change materials.

The sensitivity analysis of day/night temperature, CO, concentra-
tion and artificial lighting showed that with lower yields, there is a
potential for lower specific energy consumption (per unit of yield). On
the other hand, if higher yield rates are desired, there will be increasing
energy requirements. For instance, decreasing the greenhouse day and
night temperatures by 2 °C will decrease energy consumption by 30%,
but will provide only 79% of the baseline greenhouse yield.

The main aim of this study was to develop and validate an in-
tegrated model. It can be used as a decision support tool for con-
structing new greenhouses according to their appropriate climate con-
dition or retrofitting existing greenhouses. The consideration of
dynamic effects and the high temporal resolution allow a detailed as-
sessment to use local renewable energy sources as sustainable choices.
Finally and primarily, the present integrated model can help growers in
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improving the operation of greenhouses. This includes determining
favorable bounds and set points of temperature, CO, concentration and
humidity to achieve optimum results for energy consumption, yield,
environmental impacts, economic benefit, etc. In future research, an
optimization framework will be combined with the integrated model to
achieve the highest possible performance of a greenhouse according to
the preferences of growers and other decision makers (e.g. agricultural
policy makers, sustainable labeling initiatives). Furthermore, the model
results will be coupled with life cycle assessment (LCA) data to perform
an environmental assessment of greenhouses. This will allow one to
compare measures, such as increased CO, concentration, against an
increased heat energy input or different heat sources. Also, the con-
sideration of crops other than tomatoes in different climate regions
around the world will be done in future research to provide a com-
prehensive tool.
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