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ABSTRACT

This study addresses the pressing need for energy-efficient greenhouse management by focusing on the innovative
application of natural ventilation. The primary objective of this study is to evaluate various ventilation strategies
to enhance energy efficiency and optimize crop production in agricultural greenhouses. Employing advanced
numerical simulation tools, the study conducts a comprehensive assessment of natural ventilation’s effectiveness
under real-world conditions. The results underscore the crucial role of the stack effect and strategic window posi-
tioning in greenhouse cooling, providing valuable insights for greenhouse designers. Our findings shed light on
the significant benefits of optimized ventilation and also offer practical implications for improving greenhouse
design, ensuring sustainable and efficient agricultural practices. The study demonstrated energy savings in cooling
from November to April, with a maximum saving of 680 kWh in March, indicating the effectiveness of strategi-
cally positioning windows to leverage the stack effect. This approach enhances plant growth and reduces the need
for costly cooling systems, thereby improving overall energy efficiency and lowering operational expenses.
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Nomenclature

TRNSYS Thermal Simulation System
TRNBUILD Thermal Balance Building Model in TRNSYS (TYPE 56)
TYPE 56 Building model type in TRNSYS
TYPE 97 Module in TRNSYS for communication with CONTAM
CONTAM A program for building airflow and contaminant transport simulations
CONTAMW User Interface for Visualization of Air Circulation Network Components in CONTAM
CONTAMX Numerical solver used in CONTAM
TCP/IP Transmission Control Protocol/Internet Protocol
BUI Building User Interface
TMF TRNSYS Model File
TPF TRNSYS Project File
PRJ Project File
.AIR Airflow Information File
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.B18 Building File

.OUT Output File
TCP/IP Transmission Control Protocol/Internet Protocol

1 Introduction

Agriculture is pivotal to the global economy, and the role of greenhouse crop production is increasingly
vital in meeting the surging demand for fresh produce. Effectively managing the internal climate of
greenhouses, especially temperature and humidity, is crucial as these elements significantly influence
plant growth. Our study focuses on natural ventilation as an effective strategy for cooling in agricultural
greenhouses.

An extensive review of greenhouse design and cooling technologies indicates that a synergy of natural
ventilation, evaporative cooling, and shading can substantially lower the energy requirements of greenhouses
and optimize indoor conditions, thereby maximizing crop yields in hot climates [1]. Our goal is to enrich the
understanding of various greenhouse ventilation strategies to assist in their design. This endeavor is driven by
the need to fill gaps in existing literature concerning natural ventilation in greenhouse environments [2,3].
One study enhances this understanding by analyzing the impact of roof openings on heat transfer in
tunnel greenhouses, emphasizing the importance of natural ventilation in managing internal climates [4].

While previous research has underscored the importance of ventilation openings and internal airflows in
temperature control [5,6], it often falls short of addressing the entire spectrum of thermal dynamics and
energy systems in greenhouses comprehensively. Another significant contribution in this area explores the
thermal behavior and energy needs in specific climatic conditions, examining how design parameters like
cladding material and orientation influence greenhouse efficiency [7].

Recent studies have furthered our understanding in this field, highlighting the complexities of
greenhouse microclimates. For instance, research on the thermal behavior and energy efficiency of
greenhouses presents novel insights into optimizing these environments for better crop production This
study underscores the importance of energy-efficient control and modeling in greenhouses, emphasizing
the need for comprehensive analysis of thermal behaviors [8].

In addition to this, advancements in the field expand our understanding of greenhouse microclimates and
ventilation. Critical evaluations and studies [9,10] provide insights into the mechanics and models of natural
ventilation, highlighting factors such as wind, buoyancy, and greenhouse geometry. They focus on the
potential for natural ventilation under changing climate conditions in North America, the design of solar-
powered forced ventilation systems, and the analysis of natural ventilation behavior in warm climates
through 3D simulation. Additionally, further research [11] contributes to our understanding of ventilation
behavior in Colombian greenhouses under warm climate conditions. The developments in microclimate
monitoring devices [12], web-based greenhouse microclimate control automation systems [13], and
comprehensive reviews of control methods and strategies [14], further augment the literature in this field.

Studies on the heterogeneous microclimate in typical greenhouses in Central China [15], the
development of microclimate models for predicting temperatures in naturally ventilated greenhouses [16],
and the formulation and validation of mathematical models of greenhouse microclimates [17] are crucial
for our approach. The exploration of greenhouse environment modeling and simulation for microclimate
control by [18,19], as well as the works on microclimate conditions in naturally ventilated greenhouses
[20], and the optimization of greenhouse microclimate parameters [21] considering the impact of CO2

and light, make significant contributions.
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In this research, we conduct an extensive evaluation of natural ventilation strategies using state-of-the-
art simulation tools such as TRNSYS and CONTAM.We integrate advanced models to examine the complex
interplay between various environmental factors and their impact on greenhouse climate control, exploring
different scenarios within our simulations. By considering variables such as window positioning and the
stack effect, we aim to derive optimized strategies for ventilation. This approach allows us to fill the
existing research gap by considering the thermal and dynamic effects of the entire energy system, thus
providing new insights into natural ventilation strategies for sustainable and economically viable
greenhouse designs.

Our study not only advances theoretical understanding but also offers practical guidance for greenhouse
design, emphasizing sustainable and energy-efficient practices in agricultural settings. By systematically
analyzing different ventilation configurations and their effects on greenhouse climates, we aim to provide
actionable insights that can significantly improve the efficiency and productivity of greenhouse
operations. In summary, our research underscores the significance of considering a holistic view of
greenhouse environments to develop effective natural ventilation strategies that support sustainable
agriculture.

2 Analysis and Modelling

In evaluating various natural ventilation strategies for agricultural greenhouses, our study employs a
robust numerical simulation model, integrating both thermal and airflow dynamics. The thermal model,
managed using TRNSYS software [22], meticulously simulates heat transfer within the greenhouse,
taking into account heat flux through the greenhouse’s structural components, as well as real-time solar
radiation heat flux [23]. Complementarily, the airflow model facilitated by CONTAM [24] diverges from
conventional complex Navier-Stokes equations, opting for a more balanced airflow approach [25].

In our integrated TRNSYS-CONTAM framework, TRNSYS handles the thermal simulations,
calculating internal temperatures and heat fluxes across greenhouse surfaces. These thermal results are
then seamlessly fed into CONTAM’s airflow balance model. The thermal data from TRNSYS
significantly influences the airflow simulation in CONTAM, impacting natural convection and pressure
differentials. The amalgamation of these models creates a dynamic feedback loop, refining the overall
thermal model in each iteration [26].

CONTAM’s airflow model is crucial in simulating the impact of wind speed, direction, and pressure on
natural ventilation, accounting for external factors like local weather conditions. This, in tandem with
TRNSYS’s thermal model, allows for an effective evaluation of natural ventilation efficacy in
greenhouses, integrating both thermal and aerodynamic aspects for a comprehensive understanding of
natural ventilation efficiency [27].

2.1 Numerical Modeling Coupling TRNSYS-CONTAM
We used TRNSYS software to develop a building model (TYPE 56), enhanced with brand-new features,

as shown in Fig. 1. This model employs thermal balance calculations to evaluate temperatures and amounts
of heat at each time step, enabling accurate simulations of complex building systems. To facilitate
communication and data exchange between the building model and the CONTAM program, a specific
module of TRNSYS (TYPE 97) was developed. This module acts as a server for CONTAMX, the
numerical solver of the program, allowing execution control and data transfer via TCP/IP sockets.

The integration of the building model with ancillary programs, such as CONTAM, enabled us to perform
detailed simulations of thermal performance in buildings and to evaluate the effectiveness of various
ventilation strategies.
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The mathematical coupling between TRNSYS and CONTAM is described by a set of differential
equations representing the energy balance for TRNSYS and the airflow and contaminant transport for
CONTAM. For TRNSYS (Type 56), the heat balance equation is utilized.

Q ¼
X

ðQin � QoutÞ (1)

And for CONTAM (Type 97), the airflow network model equation might be represented as:

Qair ¼ C:DPn (2)

where Q represents the heat transfer, Qin includes all heat gains, Qout includes all heat losses, Qair is the
airflow rate, C is the flow coefficient, DP is the pressure difference, and n is the flow exponent. These
models are linked via the coupling module (Type 97 in TRNSYS), enabling dynamic simulation of
energy and mass transfer within the built environment [28].

Finally, to create and visualize the representation of the air circulation network components, the user
interface known as CONTAMW is utilized [29]. To edit the BUI file and input the necessary information
for simulating the greenhouse, we used the TRNBuild input description manager. This input includes the
description of the envelope, detailing materials, layer thicknesses, and thermophysical parameters.

Table 1 summarizes the input data and the main resulting files that comprise the project file and presents
the linkage process used [28].

Figure 1: Simulation tools—related programs that interact with TRNSYS

Table 1: TRNSYS/CONTAM coupling process

Step Program
used

Sequence of steps Input data Main files produced

Configuration
of the airflow
model

CONTAM Establish the network of air nodes
and define the air patterns (creation
of windows and location)

-Properties of
air paths
-Flow
characteristics
-Numerical
simulation
parameters

.PRJ (Project File)

.AIR (Airflow
Information File)

(Continued)
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2.2 Simulation of the Greenhouse
Our study centers on a greenhouse in Kenitra, Morocco, noted for its Mediterranean climate that

significantly influences the dynamics of greenhouse ventilation and temperature regulation. Kenitra’s
geographic coordinates, 34.2610°N latitude and 6.5802°W longitude, along with its elevation, are
critical in shaping local climate patterns. These specific geographic characteristics are essential for
comprehending environmental interactions within the greenhouse.

The greenhouse we are examining is designed as an “even span” structure, a common design known for
efficient space utilization and effective light distribution—advantages that are particularly beneficial in
Kenitra’s climatic conditions, where sunlight exposure is crucial for crop growth and energy efficiency.

An in-depth analysis of Kenitra’s local climate conditions, which significantly impact the greenhouse’s
internal environment, is a key aspect of our study. To accurately simulate these effects, we have gathered a
comprehensive set of climatic data for Kenitra, focusing on temperature, wind, and sunlight patterns.

Simulating air circulation within the greenhouse requires detailed knowledge of its geometric
characteristics, including size, shape, orientation, and the number and positioning of openings such as
windows. Our greenhouse, measuring 5 m × 4 m × 3.5 m (L × W × H) with a glazing rate of 77% in
double glazed argon and an aluminum frame, is modeled using TRNBuild software see Fig. 2.

The configuration depicted in Fig. 3 showcases the precise interplay among the components that model
the environmental conditions of the greenhouse. At the heart of this configuration is the simulation of energy
transfer and airflow, driven by real-time meteorological data such as temperature, wind, atmospheric

Table 1 (continued)

Step Program
used

Sequence of steps Input data Main files produced

Creation of
the TPF

TRNSYS
Simulation
Studio

Create a new TRNSYS 3D-
Building project
Add the TRNSYS TYPES forming
the simulation model
Create the TMF file (the specific
TYPE 97 pro forma project)

-Location of
the building
-Building
orientation
-Weather data

TPF (TRNSYS
project file)

Configuration
of thermal
model

TRNBuild
TYPE 56

Define boundary conditions
(adiabatic surfaces)

Composition
of the glazing
and frame
layers
-Internal gains

.B18 (Building File)

Configuration
of the
combined
model

TRNSYS
simulation
studio

Connect the TYPE 97 and the
TYPE56 Define the simulation
parameters Determine the desired
outputs

No simulation
time/start time/
stop time

.OUT (air
temperature at the air
node/air flow through
the flow path)

Configuration
of the
combined
model

TRNSYS
simulation
studio

Connect the TYPE 97 and the
TYPE56 Define the simulation
parameters Determine the desired
outputs

No simulation
time/start time/
stop time

.OUT (air
temperature at the air
node/air flow through
the flow path)
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pressure, and solar radiation. The arrangement of the ‘airflow model’, ‘Weather’ module, and
‘GREENHOUSE’ block is meticulously tailored to emulate the actual conditions in Kenitra, providing a
comprehensive view of thermal dynamics and ventilation efficiency. This computational modeling is
critical for assessing the efficacy of natural ventilation strategies, enabling us to refine the placement of
windows to leverage the stack effect for enhanced climate control within the greenhouse.

We have developed a series of simulation scenarios to assess the impact of different parameters on air
circulation and indoor temperature. Each scenario introduces various configurations of windows, each with a
surface area of 0.8 m2, strategically placed on the side walls and roof of the greenhouse see Table 2. The
orientation of the greenhouse and the window positions are precisely determined to enable a thorough
analysis of air circulation patterns [30].

The outcomes of these simulations are vital for optimizing greenhouse design parameters, with the goal
of enhancing energy performance and improving crop production efficiency. This holistic approach,
considering the geographical setting, greenhouse design, and local climate conditions in Kenitra, provides
a nuanced understanding of the environmental factors affecting greenhouse operations.

Figure 2: “Even span” greenhouse

Figure 3: TRNSYS-CONTAM coupled simulation interface for greenhouse environmental modeling
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3 Results and Discussion

Our study investigates the impact of window positioning on internal climate control in greenhouses,
emphasizing natural ventilation as a strategy to reduce reliance on artificial cooling during cooler months.
The insights from our research are detailed through a series of figures which illustrate the thermal
dynamics within the greenhouse, ensuring a clear visual understanding of the findings as the reader
progresses through the document.

Our analysis considers external meteorological data as critical inputs, which include external
temperature, wind speed, and solar radiation, as graphically represented in Fig. 4. The data, illustrated by
the daily fluctuations on the graph, inform our understanding of the environmental factors that affect
greenhouse conditions. This empirical evidence underpins the development of our natural ventilation
strategies, acknowledging that each meteorological variable contributes to the overall climate control
efficiency within the greenhouse setting. These findings are integral to the study, providing a basis for
recommending design and operational adjustments aimed at optimizing natural ventilation.

Table 2: The different scenarios of the number and position of the open windows

Greenhouse
simulation
scenarios

Orientation Number of
windows

Window positioning Windows position height
(m)

Scenario 1 North 1 1 on the roof 3

Scenario 2 South 1 1 on the roof 3

Scenario 3 North 3 3 on the roof 3 for the windows on the
roof, same position

Scenario 4 North 3 2 on the roof and 1 on the
side wall

3, 3 for roof windows,
0.6 for side window

Scenario 5 North-
South

2 1 on the north roof and 1 on
the south side wall

3 for roof window, 0.6 for
side window
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Figure 4: Meteorological data from KENITRA for 10.11.12 January (Temp, wind speed, direction and solar
radiation)
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Temperature profiles within the greenhouse, crucial for climate management, are detailed in the study’s
temperature distribution analysis. These profiles, critical in assessing the effectiveness of natural ventilation,
are portrayed in the center of Fig. 5, The figure demonstrates how the strategic arrangement of windows,
capitalizing on the stack effect, substantially cools the interior. In contrast to scenarios with closed
windows “GH close” or those merely exposed to ambient temperatures, this configuration leads to
significantly lower temperature peaks.

Our analysis reveals that the stack effect exerts a more pronounced influence on temperature moderation
than merely increasing window surface area. A design with just two windows, each contributing a stack
effect of 0.8 m2, resulted in a greater temperature decrease than a larger aggregate window surface
without utilizing the stack effect. This suggests that strategic window positioning is key to optimizing the
greenhouse’s thermal condition.

Fig. 6, ‘Cooling Energy Savings Comparison,’ provides an annual comparative analysis of energy
savings achieved by implementing the stack effect vs. maintaining a sealed greenhouse. From November
to April, the graph highlights substantial energy savings with the stack effect, especially in March, where
savings reached up to 680 kWh.

Figure 5: Indoor air temperature of the greenhouse as a function of window scenarios

Figure 6: Stack effect vs. closed greenhouse: cooling energy savings
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In summary, our research underscores the significance of the stack effect in natural ventilation strategies
within greenhouses. By creating a detailed temperature profile and strategically placing windows to exploit
this effect, we propose a sustainable model for greenhouse climate control, promising substantial reductions
in energy consumption and operational expenses, paving the way for more sustainable agricultural practices.

4 Conclusions

Our investigation into natural ventilation within greenhouses has culminated in critical findings that
elevate the role of such ventilation in bolstering energy efficiency and agricultural productivity. The study
has brought to light the importance of thermal dynamics within greenhouse environments, including
factors such as wind patterns, vent placement, and ambient temperatures—all pivotal to the optimization
of natural ventilation strategies.

Our results, hinging on transient numerical simulation models, accentuate the significance of the stack
effect in thermal regulation. This study demonstrates that the strategic placement of openings can
significantly enhance the internal climate of greenhouses, leading to substantial energy savings—
exemplified by a maximum saving of 680 kWh noted in March.

Comparatively, our innovative approach reveals a potential 56% energy consumption reduction during
peak saving months, when contrasted with traditional designs relying on mechanical cooling systems. This
advancement underscores not only the practicality and economic benefits of our strategy but also marks a
novel contribution to the field of agricultural engineering.

However, this research is not without its limitations. The conclusions drawn are based upon a specific
model under the unique climatic conditions of Kenitra, Morocco. Thus, the outcomes might differ when
applied to different greenhouse structures and regional climates. The interplay between natural ventilation
and other climate control systems also warrants further exploration to realize a holistic environmental
management approach.

Looking forward, this study lays the groundwork for future explorations into greenhouse design,
advocating for a multi-faceted approach that encompasses a wide variety of greenhouse configurations
and climatic contexts. Subsequent studies should endeavor to integrate the dynamic interactions among
all environmental control systems, aiming to develop comprehensive solutions that are universally
applicable.

By forging a path toward more sustainable and cost-efficient agricultural practices, this research arms
greenhouse designers and farmers with a deeper understanding and more robust tools for constructing
advanced, environmentally friendly greenhouses. As we continue to refine these methods, the potential
for transforming agricultural infrastructure becomes ever more tangible, guiding the industry toward
greener and more economically viable solutions.
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