Hygrothermal component models for greenhouse simulation in TRNSYS
Clémence Lavigueur1, Michaël Kummert1
1
Polytechnique Montréal, Montréal, Canada

Abstract
Greenhouse production is a viable solution to enhance food
self-reliance, but the associated energy use for heating,
dehumidification and artificial lighting is significant in
Canadian climates. Building performance simulation tools
can be used to simulate greenhouses and optimize their
design and operation, but building models typically simplify
or neglect key processes in the hygrothermal balance of a
thermal zone in the presence of plants: convection,
radiation, and evapotranspiration from plants is more
complex than moisture gains from occupants or equipment,
and condensation plays a significant role in moisture
removal. This paper proposes two models that represent
these processes more accurately and that can be combined
with the existing dynamic building model implemented in
TRNSYS. Both models are compared to experimental data
from original measurements or from the literature.

Introduction
The recent COVID-19 pandemic has highlighted the risks
of food supply chains relying on international markets. The
Canadian food sector is largely self-reliant for some
categories such as meat but relies heavily on imports for
fresh vegetables. Governments and citizens have realized
the need to strive for self-sufficiency. Greenhouses will play
a key role in reaching that objective, and Quebec’s
government has for example announced a strategy to double
greenhouse production of fruits and vegetables by 2025
(Gouvernement du Québec, 2020).
Greenhouses must be heated and dehumidified to ensure
production all year round, and they often use artificial
lighting during darker periods, which results in high energy
costs. Reducing the financial burden and environmental
impact of energy use is one of the main objectives of
research addressing greenhouses design and operation,
which requires suitable models (Pelletier and Godbout,
2017; Bouthillette Parizeau, 2021).
Several complete greenhouse models have been proposed in
the literature. They address the plants hygrothermal balance,
the building thermal model, and detailed plant growth

models allowing to quantify food production (Ward and
Choudhary, 2014; Mohammadi, Ranjbar and Ajabshirchi,
2021). But these models require detailed knowledge of the
plants and growth cycles and implement simplified (often
1-D) models for the building thermal balance.
Building performance simulation (BPS) models are a
natural choice to assess the energy performance of
greenhouses, because they implement all the required
energy balances. But they typically lack models to represent
the plants interactions with their environment. Internal (or
casual) moisture and sensible gains are usually accounted
for using predefined values and schedules. This is an
acceptable assumption for typical buildings but not for
greenhouses, where the indoor conditions typically vary
within a larger range, and the heat and moisture exchanges
with the plants vary with indoor conditions. BPS models
also typically treat condensation as a process that should not
be occurring, e.g. by raising a flag to indicate the presence
of surface temperatures below the indoor dewpoint.
Greenhouses present a relatively high indoor humidity and
large glazing surfaces with low indoor surface temperature
during cold periods, so the impact of condensation on the
zone moisture balance must be quantified.
Our research goal is to assess design and operation scenarios
for greenhouses integrated in urban energy systems.
TRNSYS was selected because it offers a detailed dynamic
building model, as well as components required to model
heating and ventilation systems and detailed ground heat
transfer. Our objective in this paper is to develop two new
component models to account for condensation and for the
hygrothermal exchanges with plants, striking a balance
between accuracy and the complexity of the models and
their required input data (or parameters).
The first two sections in the paper present the condensation
component model and the plant component model,
comparing their results to experimental data from original
measurements or the literature. The third section illustrates
the results of a global greenhouse model combining the
proposed models to existing components in TRNSYS.

Condensation model
Condensation is associated with serious risks such as mould,
so it should not normally happen in standard buildings. This
explains that little attention is paid to condensation in BPS
tools, apart from flagging surface temperatures that are
below the room temperature dewpoint. In TRNSYS (Klein
et al., 2021), the dynamic building component model,
known as Type 56, performs a moisture balance taking into
account ventilation, infiltration, and latent gains, in addition
to moisture addition/removal by idealized heating and
cooling systems. Condensation is not quantified, and as of
version 18.4, Type 56 also keeps increasing the humidity
ratio if moisture is added beyond 100 % relative humidity in
a thermal zone, which can result in error accumulation for
high-humidity environments. For this reason, we decided to
create a component model (TRNSYS Type) that should be
connected to the building Type 56 to model condensation.
Model assumptions
Condensation takes place when a vapor is cooled below its
saturation temperature, which for humid air is equivalent to
say that the humid air mixture is cooled below its dewpoint
temperature. When condensation occurs on a cold surface,
the condensed water is collected on the surface (as droplets,
in our case), and the latent heat of the vapor is released to
the surface. Th extraction of water vapor from the air on a
surface can be described with the following equation:
𝑚̇ =

ℎ𝑡𝑜𝑡 ∙ (𝑇𝑑𝑝 − 𝑇𝑠 )
ℒ

(1)

𝑚̇ is the condensation rate, ℎ𝑡𝑜𝑡 is the overall heat transfer
coefficient, 𝑇𝑑𝑝 is the dew point temperature, 𝑇𝑠 is the
surface temperature, and ℒ is the latent heat of vaporization
of water. The overall heat transfer coefficient is calculated
with the Griffith (1983) correlation, which was established
for a copper surface and pure steam:
51104 + 2044 𝑇𝑑𝑝 if 𝑇𝑑𝑝 < 100 °𝐶
ℎtot,u = {
255510
if 𝑇𝑑𝑝 > 100 °𝐶

(3)

The heat transferred to the surface 𝑄̇𝑠 can be calculated as:
𝑄̇𝑠 = 𝑚̇ ∙ ℒ

Figure 1: Data exchange between the developed
component model for condensation and TRNSYS Type 56
For each surface 𝑖, 𝑄̇𝑠,𝑖 is the heat transferred by
condensation on the surface, 𝑇𝑠,𝑖 is the internal surface
temperature, and 𝐴𝑖 is the surface area. 𝑇𝑑𝑏 and 𝑤 are
respectively the dry bulb temperature and the humidity ratio
in the room. The connection to the weather component gives
the atmospheric pressure for psychrometric calculations.
Comparison with published experimental data
The condensation model was compared to the experimental
data presented in Nguyen et al. (2019) for a test room where
condensation is induced on a large window. Internal surface
temperatures are controlled and maintained at relatively
constant values, and moisture is added to the room through
ventilation. The test room is represented in Figure 2.

(2)

Where 𝑇𝑑𝑝 is the dewpoint temperature in °C, and ℎ𝑡𝑜𝑡,𝑢 is
in W m-2 K-1 (the “u” denotes that the coefficient is
uncorrected). Griffith (1983) proposes curves to correct ℎ𝑡𝑜𝑡
for different materials than copper and in the presence of
non-condensing gases (such as for humid air). The
conditions for glass or plastic surfaces and typical moisture
concentrations in humid air are at the extreme limits of the
curves provided for the correction factors, which results in
a large uncertainty on the corrected ℎ𝑡𝑜𝑡 :
ℎ𝑡𝑜𝑡 = 𝑐 ⋅ ℎ𝑡𝑜𝑡,𝑢 with 𝑐 ≈ 0.0001 to 0.0005

the zone air volume. It is distributed between a “gain” and a
“wall gain” in Type 56. The water vapor removed from the
room is implemented as a negative humidity gain.
Figure 1 shows how the developed component model
interacts with the building model in TRNSYS.

Figure 2: Test room used in Nguyen et al. (2019)
Inside surface temperatures are maintained at constant
values, as shown in Table 1. The ventilation flowrate is
constant, but its relative humidity is increased abruptly at
the beginning of the test, as shown in Table 2.
The test room was modelled in TRNSYS and the ventilation
supply conditions were imposed to the model. The mass
flowrate of water condensed on the cool window is
compared to experimental values in Figure 3.
Table 1: Indoor surface temperatures (kept constant)

(4)

The heat released by condensation is assumed to be partially
absorbed at the internal surface and partially released within

Surface
Temp. [°C]

South
(Window)
21.3
15.3

Roof West Floor

East North

21.4

21.1

21.2

21.1

Table 2: Ventilation supply conditions in the experiment

Before test
During test

Flow rate
[m3/h]
150
150

Temperature
[°C]
28.0
28.1

Humidity ratio
[kg/kg]
0.00901
0.01407

Figure 3: Comparison between the experimental
condensation flowrate in Nguyen et al. (2019) and the
developed component model for surface condensation
The modelled condensation flowrate is more stable than the
experimental flowrate, which can be attributed to small
variation in the experimental conditions which are
acknowledged in Nguyen et al. (2019), while the simulation
uses the constant boundary temperatures shown in Table 1.
The condensation flowrate calculated with 𝑐 in (3) varying
between 0.0001 and 0.0005 seems to provide a reasonable
approximation of the steady-state value reached during the
last part of the test, given the large uncertainties in heat
transfer coefficients and the large variations in
experimentally measured dropwise condensation. The
model is implemented with a value of 𝑐 = 0.0003, which
corresponds to the middle of the estimated range and
delivers a mean bias error of 0.0002 kg m-2 h-1 over the test
duration, which corresponds to 0.3 % of the steady state
value over the last hour of the test. Additional comparisons
with experimental data would be necessary to recommend a
more accurate value.

Plant model
Most plant models are based on the seminal work by
Penman and Monteith, who formulated the steady state heat
balance and the evaporation model for a water or soil
surface, and then adapted it to a leaf or vegetation canopy
(see e.g. Monteith and Unsworth, 2013 for a historical
perspective). The heat balance (equation (5) below) and the
equation for vapor diffusion (equation (15) below) are
fundamental equations, so all “plant models” rely on these
equations (or some empirical approximation of the vapor
diffusion). Models differ in the systems they consider (soil,
canopy, leaf), simplifying assumptions, and solving

methods. Sometimes, a “plant model” described in the
literature also includes – or in fact is only differentiated by
– specific values or relationships for key parameters in the
model, such as the leaf stomatal resistance (which is
introduced below). This has resulted in a large number of
“plant models”, some of which have been implemented in
BPS tools. Kokogiannatis & Cooper (2015) implemented a
plant model derived from the Penman-Monteith equation in
ESP-r, neglecting longwave radiation. Talbot & Monfet
(Talbot and Monfet, 2020) implemented in TRNSYS an
algorithm proposed by Graamans et al. (2017). The
algorithm uses the Penman-Monteith linearization, which
was introduced to be able to solve the balance without
iterations, but the paper still presents an iterative solution
procedure for the linearized problem. Longwave radiation is
neglected, and some parameters (and their assumed
variation) are applicable to lettuce production in indoor
“plant factories” under 100 % artificial lighting. Our
objectives in developing the model described below are to
represent longwave radiation in a typical greenhouse and to
implement generic and flexible relationships for model
parameters related to plant species, while describing in
detail the reference area used to parametrize the model.
Model assumptions: steady state hygrothermal balance
The basis for our approach is known as the “big leaf” model,
also known as the Penman-Monteith model (Monteith,
1965). A good overview of the different processes involved
is provided in Monteith & Unsworth (2013). The basic
assumption of the model is that the plants can be reduced to
an equivalent 1-D “big leaf” that absorbs shortwave
radiation, exchanges sensible heat through convection and
longwave radiation, and loses water vapor by transpiration.
The steady-state heat balance of plants can be described as:
𝑞̇ 𝑟𝑎𝑑,𝑠𝑤 + 𝑞̇ 𝑚𝑒𝑡 = 𝑞̇ 𝑐𝑜𝑛𝑣 + 𝑞̇ 𝑟𝑎𝑑,𝑙𝑤 + 𝑞̇ 𝑐𝑜𝑛𝑑 + 𝑞̇ 𝑙𝑎𝑡

(5)

On the left side are two positive terms (energy gains):
𝑞̇ 𝑟𝑎𝑑,𝑠𝑤 is the absorbed shortwave radiation (from the sun
and artificial lighting), 𝑞̇ 𝑚𝑒𝑡 is the net gain from
metabolism. On the right side are terms that typically
correspond to energy losses, but can be negative (i.e.
represent gains) depending on environmental conditions:
sensible heat losses by convection (𝑞̇ 𝑐𝑜𝑛𝑣 ), longwave
radiation (𝑞̇ 𝑟𝑎𝑑,𝑙𝑤 ), and conduction (𝑞̇ 𝑐𝑜𝑛𝑑 ); latent heat
losses by transpiration (𝑞̇ 𝑙𝑎𝑡 ).
Most models neglect the conduction heat loss and the heat
gain from metabolism, which represent small energy
transfers (Monteith and Unsworth, 2013; Ward et al., 2015;
Graamans et al., 2017; Talbot and Monfet, 2020; Wei,
Nourozi and Chen, 2021). With those assumptions, the
steady-state plant heat balance becomes:
𝑞̇ 𝑟𝑎𝑑,𝑠𝑤 = 𝑞̇ 𝑐𝑜𝑛𝑣 + 𝑞̇ 𝑟𝑎𝑑,𝑙𝑤 + 𝑞̇ 𝑙𝑎𝑡

(6)

It should be noted that all heat fluxes are expressed per unit
of surface (W/m²). In plants, the surface area receiving solar

radiation (upper face of unshaded leaves) is not equal to the
surface area losing heat by convection (both faces of all
leaves), so care must be taken when expressing the heat
balance. The reference area used for the heat balance is the
cultivated area, i.e. the useful greenhouse floor area, not
counting large circulation areas, technical rooms, etc.
Shortwave radiation
If we assume that the shortwave radiation from the sun or
artificial lighting comes from the top of the greenhouse, a
reasonable estimation of the net absorbed radiation is:
𝑞̇ 𝑟𝑎𝑑,𝑠𝑤 = 𝐺 ⋅ 𝜏𝑠 ⋅ 𝛼𝑠 ⋅ 𝐶𝐴𝐶

(7)

Where 𝐺 is the horizontal solar radiation (or radiation from
artificial lighting), 𝜏𝑠 is the overall transmittance of the
greenhouse cover (or 1 in the case of artificial lighting), 𝛼𝑠
is the absorptance of the plant surface, and 𝐶𝐴𝐶 is the ratio
between the horizontal projection of the leaf area and the
cultivated area, which is called the Cultivation Area Cover.
𝐶𝐴𝐶 is introduced because the heat balance is expressed per
unit of cultivated area, but the area of leaves that effectively
absorbs shortwave radiation only represents a fraction
(𝐶𝐴𝐶) – in other words, 𝐶𝐴𝐶 is the number of (horizontally
projected) square meters of leaf absorbing solar radiation
per square meter of cultivated area (useful greenhouse area).
Convection
The convection heat losses from the plants is related to the
leaf surface temperature (𝑇𝑠 ) and the dry bulb temperature
of the air (𝑇𝑎 ):
𝑞̇ 𝑐𝑜𝑛𝑣 = ℎ𝑐𝑜𝑛𝑣 ⋅ (𝑇𝑠 − 𝑇𝑎 )

(8)

In agricultural sciences, the convection coefficient ℎ𝑐𝑜𝑛𝑣 is
usually expressed as (Monteith and Unsworth, 2013):
ℎ𝑐𝑜𝑛𝑣 =

𝜌⋅𝑐𝑝
𝑟𝑐𝑜𝑛𝑣

The resistance 𝑟𝑐𝑜𝑛𝑣 can be expressed as a function of the
Nusselt number, which is generally used in correlations
estimating heat transfer coefficients:
𝑟𝑐𝑜𝑛𝑣

Longwave radiation
In greenhouses, plants can receive longwave radiation from
heating systems such as pipes at a relatively high
temperature. This incident radiation (𝑞̇ 𝑟𝑎𝑑,𝑙𝑤ℎ ) can be
considered as independent from the plant surface
temperature, unlike the longwave exchange with other
surfaces such as the greenhouse floor and ceiling (𝑞̇ 𝑟𝑎𝑑,𝑙𝑤𝑥 ),
so the two terms are treated separately:
𝑞̇ 𝑟𝑎𝑑,𝑙𝑤 = 𝑞̇ 𝑟𝑎𝑑,𝑙𝑤ℎ + 𝑞̇ 𝑟𝑎𝑑,𝑙𝑤𝑥

(11)

Where 𝛼 (m²/s) is the thermal diffusivity, and 𝐿 is the
characteristic dimension of the leaf for heat transfer. 𝐿𝐴𝐼 is
the Leaf Area Index, which expresses the ratio between
(one-side) leaf area and the cultivated area. The (2 ⋅ 𝐿𝐴𝐼)
correction factor expresses the ratio between the leaf surface
area exchanging heat through convection (both faces of each

(12)

In line with the “big leaf” model fundamental assumptions,
the plants are treated as a large horizontal surface which
exchanges longwave radiation with the greenhouse floor
and the greenhouse ceiling (or a thermal curtain if present).
All surfaces are treated as infinite parallel plates, which
gives:
𝑞̇ 𝑟𝑎𝑑,𝑙𝑤𝑥 = 4 ∙ 𝜎 ⋅ 𝐶𝐴𝐶 ⋅ (

4
𝐸𝑓𝑙𝑜𝑜𝑟 ∙ (𝑇𝑠4 − 𝑇𝑓𝑙𝑜𝑜𝑟
)
)
4
4
+𝐸𝑐𝑒𝑖𝑙 ⋅ (𝑇𝑠 − 𝑇𝑐𝑒𝑖𝑙 )

(13)

Where 𝜎 is the Stefan-Boltzmann constant, 𝑇𝑠 is the plant
surface temperature (the leaves are assumed be infinitely
thin, and to have the same surface temperature on both
faces), 𝑇𝑓𝑙𝑜𝑜𝑟 and 𝑇𝑐𝑒𝑖𝑙 are respectively the floor and ceiling
surface temperatures, and 𝐸𝑓𝑙𝑜𝑜𝑟 and 𝐸𝑐𝑒𝑖𝑙 are the effective
emittance for radiative heat transfer:

(9)

Where 𝜌 (kg/m³) and 𝑐𝑝 (J kg-1 K-1) are the density and
specific heat of the moist air, and 𝑟𝑐𝑜𝑛𝑣 is the resistance to
convective heat transfer (s m-1). The convective heat
transfer is then:
𝜌 ⋅ 𝑐𝑝
𝑞̇ 𝑐𝑜𝑛𝑣 =
⋅ (𝑇𝑠 − 𝑇𝑎 )
(10)
𝑟𝑐𝑜𝑛𝑣

𝐿
=
𝛼 ∙ 𝑁𝑢 ∙ 2 ⋅ 𝐿𝐴𝐼

leaf) and the cultivated area., This factor is necessary
because 𝑞̇ 𝑐𝑜𝑛𝑣 is expressed in W/m² of cultivated area, but
the actual heat transfer occurs over each face of each leaf.
In other words, (2 ⋅ 𝐿𝐴𝐼) is the number of square meters of
area exchanging heat by convection per square meter of
cultivated area. It should be noted that some authors do not
include the (2 ⋅ 𝐿𝐴𝐼) factor in 𝑟𝑎 , in which case the factor
appears directly in (9).

−1

𝐸 −1
𝑓𝑙𝑜𝑜𝑟
{
𝑐𝑒𝑖𝑙

=

(𝜀𝑝−1

+

𝜀 −1
𝑓𝑙𝑜𝑜𝑟
{
𝑐𝑒𝑖𝑙

− 1)

(14)

Where 𝜀𝑝 , 𝜀𝑓𝑙𝑜𝑜𝑟 , and 𝜀𝑐𝑒𝑖𝑙 are the longwave emittance
values for the plants, the floor, and the ceiling respectively.
The 𝐶𝐴𝐶 factor in (13) is introduced because 𝑞̇ 𝑟𝑎𝑑,𝑙𝑤𝑥 is
expressed per unit area of cultivated area, while longwave
heat transfer is assumed to occur from a surface equivalent
to the horizontal projection of the leaf area. 𝐶𝐴𝐶 was
introduced in (7) and is discussed in more details above.
Latent heat exchange – plant transpiration
The driving potential for water vapor transfer is the
difference between the water vapor concentration at the leaf
surface (𝜒𝑠 ) and the water vapor concentration in the
ambient air (𝜒), where both concentrations are expressed as
densities in kg of water per m³ of humid air (𝜒 is sometimes
referred to as “absolute humidity”, but should not be
confused with the humidity ratio 𝜔, in kg of water per kg of
humid air). The air at the leaf surface is assumed to be

saturated, so that 𝜒𝑠 corresponds to saturation conditions at
the surface temperature 𝑇𝑠 , 𝜒𝑠 = 𝜒𝑠𝑎𝑡 (𝑇𝑠 ). The resistance to
water transfer by transpiration is the sum the leaf stomatal
resistance (𝑟𝑠 ) and the boundary layer resistance to vapor
diffusion (𝑟𝑣 ), both expressed in s m-1. 𝑟𝑠 can be seen as an
“internal” resistance to vapor diffusion, while 𝑟𝑣 can be seen
as an “external” resistance to vapor diffusion (Stanghellini,
1987). The latent heat transfer associated with transpiration
(𝑞̇ 𝑙𝑎𝑡 , W/m²) is the product of the mass flux (kg m-2 s-1) and
the latent heat of vaporization of water (ℒ, J kg-1), which
gives a similar equation to the one obtained for convection
heat transfer:
𝑞̇ 𝑙𝑎𝑡 =

ℒ
⋅ (𝜒𝑠𝑎𝑡 (𝑇𝑠 ) − 𝜒)
(𝑟𝑠 + 𝑟𝑣 )

(15)

The “external” resistance 𝑟𝑣 can be expressed as a function
of the Sherwood number:
𝑟𝑣 =

𝐿
𝛼 ∙ 𝑆ℎ ∙ 2 ⋅ 𝐿𝐴𝐼

(16)

Again, the (2 ⋅ 𝐿𝐴𝐼) factor expresses the ratio between the
surface area from which vapor diffusion occurs and the
cultivated area. In typical greenhouse operation conditions,
the boundary layer resistance to water vapor transfer 𝑟𝑣 is
approximatively equal to the resistance to convective heat
transfer 𝑟𝑐𝑜𝑛𝑣 , and that assumption is sometimes implied in
plant models.
The “internal” (stomatal) resistance 𝑟𝑠 similarly accounts for
the resistance to vapor diffusion from the total leaf area
(counting both faces) present above one square meter of
cultivated area. If transpiration was uniform from both faces
of all leaves, 𝑟𝑠 would have the value of the stomatal
resistance of a single leave divided by (2 ⋅ 𝐿𝐴𝐼). But many
plant species have different stomatal resistance on upper and
lower faces, so care should be exercised when parametrizing
the proposed model with stomatal resistance values from the
literature.
The stomatal resistance 𝑟𝑠 depends on environmental factors
and on the plant surface temperature. Jarvis (1976) proposed
the assumption that the impact of different factors are
independent, and that 𝑟𝑠 can be expressed as a function of its
minimal value 𝑟𝑠,𝑚𝑖𝑛 :
𝑟𝑠 = 𝑟𝑠,𝑚𝑖𝑛 ⋅ 𝑓1 (𝑞̇ 𝑟𝑎𝑑,𝑠𝑤 ) ⋅ 𝑓2 (𝑇𝑠 ) ⋅ 𝑓3 (𝑐𝐶𝑂2 ) ⋅ 𝑓4 (𝑉𝑃𝐷) (17)
Where 𝑉𝑃𝐷 is the vapor pressure deficit, 𝑝𝑣,𝑠𝑎𝑡 (𝑇𝑎 ) − 𝑝𝑣 ,
and 𝑐𝐶𝑂2 is the CO2 concentration. Various forms have been
proposed for the correction functions. The proposed model
implements the following corrections (Stanghellini, 1987):
̅̅̅̅̅̅̅̅̅
𝑞̇ 𝑟𝑎𝑑,𝑠𝑤 + 4.30
𝑓1 (𝑞̇ 𝑟𝑎𝑑,𝑠𝑤 ) =
𝑞̇̅̅̅̅̅̅̅̅̅
𝑟𝑎𝑑,𝑠𝑤 + 0.54

(18)

f2 (Ts ) = 1 + 0.023 ∙ (Ts − 24.5)

(19)

𝑓3 (𝑐𝐶𝑂2 ) = 1 + 6.1 ∙ 10−7 ∙ (𝑐𝐶𝑂2 − 200) 2

(20)

f4 (VPD) = 1 + 4.3 ∙ VPD2

(21)

It is important to note that ̅̅̅̅̅̅̅̅̅
𝑞̇ 𝑟𝑎𝑑,𝑠𝑤 is the mean flux density
per unit area (Stanghellini, 1987):

̅̅̅̅̅̅̅
q̇ rad,sw =

αs ∙ q̇ rad,sw

(22)

2 ∙ LAI

Solving the steady state heat balance
The proposed “plant model” consists in solve
simultaneously (7) for 𝑞̇ 𝑟𝑎𝑑,𝑠𝑤 , (10) for 𝑞̇ 𝑐𝑜𝑛𝑣 , (15) for 𝑞̇ 𝑙𝑎𝑡 ,
and (12) for 𝑞̇ 𝑟𝑎𝑑,𝑙𝑤 while using (6) to ensure that the energy
balance is verified. Since 𝑇𝑠 (which is unknown) appears in
all terms of the heat balance as part of non-linear equations,
an iterative approach is required. In the seminal work by
Penman and Monteith, several approximations were made
to linearize and simplify the equations to remove 𝑇𝑠 from
the heat balance terms, and these approximations are still
widely used. However, these simplifications do not address,
for example, the variation of 𝑟𝑠 (or any other parameter) with
𝑇𝑠 , and the treatment of non-symmetrical leaves (e.g. leaves
with stomata on one side only) and the treatment of
longwave radiation in methods derived from the PenmanMonteith equation are often unclear or erroneous
(Schymanski and Or, 2017). Perhaps more importantly, the
computing cost of solving a small number of non-linear
equations simultaneously is very small in the context of a
BPS tool such as TRNSYS, so an iterative method was
selected. The developed model uses a secant method to
solve the hygrothermal heat balance equations.
Figure 4 shows the data exchange between the “plant”
component and the building model (Type 56) in TRNSYS.

Figure 4: Data exchange between the developed plant
component model TRNSYS Type 56
𝜑 is the relative humidity in the greenhouse, other symbols
have been described above.
Results
Results obtained from the proposed plant model were
compared to other models to assess its validity. Systematic
tests are not shown here due to lack of space, but the tests
showed that, when parametrized carefully to ensure that
resistance values and reference areas are the same, the

proposed model provides similar results to published results
(e.g. Graamans et al., 2017).
Additionally, the calculated leaf temperature was compared
to measured data in a greenhouse in St-Damase, QC. The
leaf temperature was measured with the multispectral
infrared camera MS M350 from Telops on October 13,
2021. Figure 5 shows the processed image obtained from
above the tomato rows (the top part of the image shows air
circulation fans and fly traps hanging from the ceiling).

Data set

Shaded leaves
Unshaded leaves

Measured
Solar
Net absorbed
average temp. radiation radiation (*)
[°C]
[W/m2]
[W/m2]
24.4
409
160.3
28.2
441
167.4

(*)

The net radiation absorbed was not measured but
calculated with equation (7).
Table 4 shows other parameters (environmental conditions
and plant parameters) in the greenhouse.
Table 4: Greenhouse parameters on October 13, 2021
Parameter
𝑇𝑎
Relative humidity
𝑑 (*)
LAI
CAC
ε(*)

Value
24.7
75
0.05
1.6
0.8
0.98

Unit
°C
%
m
-

(*)

Figure 5: Infrared image of mature tomato plants
The other parameter which was measured on site was the
LAI of the tomato plants. As shown by Figure 6, leaves were
photographed with a millimetric paper in the background,
the image was digitized and then the Digimizer program was
used to calculate the leaf area.

Figure 6: First and third step done to measure the LAI
Knowing that plants are trimmed to leave 15 leaves per
tomato plant in this greenhouse, it was possible to calculate
the total leaf area of the greenhouse considering that there
are 2.4 plants/m2. Finally, the LAI was calculated with its
definition:
𝐿𝐴𝐼 =

(single side) leaf area
cultivated area

(23)

Several temperature measurements were taken that day, but
only two are presented here: one shaded leaf of a tomato
plant, and the unshaded leaves of two rows of tomato plants
in the commercial greenhouse (shown in Figure 5). Table 3
shows the results.
Table 3: Measured data at the commercial greenhouse

The characteristic length and the emissivity of the plant
were not measured but taken from the literature (Katsoulas
and Stanghellini, 2019; López et al., 2012)
Figure 7 shows the comparison between the two measured
leaf temperatures (black dots) and the model for the
specified parameters (red dot). The model represents the
average temperature for all leaves, which is located between
the measured values for unshaded and shaded leaves. The
figure also shows the model response when the net absorbed
radiation varies from 0 to 400 W m-2 (red line). Finally, the
empirical model proposed by Wei et al. (2021) is plotted
(grey line) as a comparison. The air temperature is
represented by the dotted black line.

Figure 7: leaf temperature comparison
The Wei et al. (2021) model seems to represent a
temperature closer to shaded leaves, with a small
dependency on absorbed radiation.

Application: full greenhouse model
To demonstrate the usefulness of the new TRNSYS
components to model plants and surface condensation, some
results are presented in this section for a typical greenhouse
in the Quebec context (Pelletier and Godbout, 2017). The
greenhouse contains 5 identical bays. The north wall and the
lower part of other walls are opaque and insulated, while all
other surfaces are made of transparent cover on a metallic
structure. Figure 8 presents the typical greenhouse, and

Table 5 gives some information about materials and Uvalues. Figure 9 shows the complete model in TRNSYS.

Results
The results of the global greenhouse model are illustrated by
presenting the plant transpiration and water condensation on
surfaces, as well as the relative humidity inside the
greenhouse. Figure 10 shows the hygrothermal exchanges
on a cold and sunny winter day. Transpiration increases
significantly during the sunlit hours, so the relative humidity
increases to close to 80 %, even though condensation is
high. During the night, condensation represents about half
of the transpiration, and the humidity remains relatively
constant around 40 %, thanks to infiltration.

Figure 8: Typical greenhouse
The materials used in the model for each part of the
greenhouse is shown in the table below with their
corresponding U factor. A constant infiltration rate is
modelled, equal to 3 volumes per hour.
Table 5: Selected construction details

Transparent cover
North wall
Other opaque walls

Materials

U-value
[W/m²-K]

Double polyethylene

4.0

Concrete & polystyrene

0.40

Polystyrene

0.45

Figure 10: Transpiration and condensation on a cold day
Figure 11 shows them for a warm summer day.
Transpiration during the day is much larger than in winter
(around double), and the indoor humidity is very high. Very
little condensation occurs at the end of the night, when
surface temperatures are the lowest. It should be noted that
the current model does not represent ventilation openings
that could be used to keep indoor humidity lower. The
simulated relative humidity is unrealistically high, as
greenhouse control systems would likely use natural
ventilation (and possibly heating) to reduce indoor
humidity.

Figure 9: Full greenhouse model in TRNSYS
Changes to Type 56 parameters
In our model, plants are not present as “surfaces” in the
Type 56. They are represented by latent gains, and net
radiative transfer to the ceiling and floor are represented by
“wall gains” (surface gains). To avoid “double counting”
incident solar gains, the part of solar gains which is absorbed
by plants should be removed from the zone. At this stage,
this is achieved by artificially reducing the solar absorptance
of the floor by a factor (1 − 𝐶𝐴𝐶). Similarly, there is no
obstacle to longwave radiation exchange between the floor
and the ceiling in Type 56, while in reality most radiation
will be exchanged with the plants, so their emittance value
is artificially reduced by the same factor.

Figure 11: Transpiration and condensation on a warm day

Conclusion
This paper has presented two new TRNSYS component
models representing condensation and the hygrothermal
balance of plants for greenhouse modelling.

Both component models have been compared to published
or original experimental data to check their validity in
selected operating conditions. The application to a typical
greenhouse in the Quebec context shows that the two
components can be used in combination with the multizone
model known as Type 56 to represent the hygrothermal
processes in greenhouses.
Further work will address modelling of infiltration (or
natural ventilation) with controllable vent openings, thermal
screens between the greenhouse and the roof, detailed
modelling of heating systems, and artificial lighting.
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