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Abstract: Chinese-style greenhouses (CSGs), characterized by a distinct geometric shape compared
to traditional greenhouses, are extensively utilized in China. In this study, this type of greenhouse
was modeled using TRNSYS software version 18 and experimentally validated. The model can
transiently determine the indoor conditions of the greenhouse and the requirement for additional
heating. It calculates the heat loss due to plant evapotranspiration as well as all the heat gains
and losses from the surfaces. The application of this greenhouse has been investigated from the
southernmost to the northernmost regions of Europe. For this purpose, cities located at different
latitudes (between 32.63◦ N and 69.65◦ N) were entered into the model, and the results were obtained
and compared. The analysis conducted over the entire year demonstrated that the CSG indoor
temperature is more dependent on solar energy during the day and on outdoor temperature at night.
The two southernmost cities in our survey, Funchal, Portugal (32.63◦ N) and Luqa, Malta (35.83◦ N),
had no winter heating requirement. The thermal covering was sufficient to minimize night heat loss
and maintain a suitable indoor temperature. In northern cities, the heating requirement was relatively
high due to the lower outdoor temperature and solar radiation. Consequently, the duration of the
heating season increases towards the north. In the northernmost city, Tromso, Norway (69.65◦ N),
the heating season was determined to last 12 months. In the absence of solar energy, the transparent
surface of the greenhouse is covered with thermal insulation to prevent heat loss. It has been shown
that with the appropriate selection of this thermal covering, which is controlled based on the presence
of instantaneous solar energy, up to 80% savings can be achieved from additional heating in southern
cities. In the north, this rate can be increased up to a maximum of 70% by increasing the thermal
covering thickness.

Keywords: transient analysis; heating; solar greenhouse; energy consumption

1. Introduction

Chinese-style solar greenhouses (CSGs) are structures characterized by a curved,
transparent south-facing roof and a massive north wall (Figure 1). These greenhouses
are named as such because they are utilized for vegetable cultivation in the northern
regions of China. In the 1930s, a basic CSG was established in southern Liaoning Province,
China, primarily for the winter cultivation of leafy vegetables. Over time, advancements in
materials and construction techniques have enabled the cultivation of not only vegetables
but also fruits in these greenhouses, without the need for additional heating. This was
achieved despite significant temperature differences of 21 ◦C to 25 ◦C between the interior
and exterior, particularly in regions between 32◦ N and 41◦ N in China [1]. Depending on
external conditions and design, CSGs can function as completely passive systems or with
additional heating. The indoor air conditions of a CSG are crucial due to the plants grown.
To accurately determine these air conditions, some studies have attempted to model the
indoor conditions of CSGs using mathematical models. Chen and Liu [2] mathematically
modeled a lean-to greenhouse with a north wall and compared it with experimental data,
revealing results for a more efficient greenhouse design. Meng et al. [3] developed a detailed
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model that considers the effect of all components of the greenhouse on heat transfer to
predict the internal temperatures of the CSG. The equations of the model are solved using
MATLAB, and an interface is created using VB. Singh et al. [4] developed a mathematical
model for predicting the internal temperatures of a greenhouse and implemented this
model in C++. In their experimental validation, they stated that the simulation results
were in agreement with the experimental results. Ma et al. [5] developed a dynamic
model (RGWSRHJ) that can determine the indoor temperature depending on the outdoor
conditions for CSGs using finite difference numerical methods. This model calculates on
a completely passive system without additional heating. CFD analysis is widely used to
determine the indoor conditions of CSGs. Tong et al. [6] created a time-dependent CFD
model that simulates the indoor temperature based on variable outdoor weather conditions.
They validated the simulation results with three days of experimental data from northern
China. Wang et al. [7] incorporated a radiation model into the CFD model to predict the
CSG indoor conditions, stating that this allowed for better determination of convective and
radiative heat transfers. Zhang et al. [8] developed a 3D CFD model and demonstrated
the relationship between the ventilation openings of the greenhouse and indoor humidity,
confirming their results with a scaled experimental model. They revealed the relationship
between the energy balance model and the CFD model, stating that increased ventilation
openings enhanced natural ventilation, thereby reducing indoor temperature and humidity.
Vivekanandan et al. [9] examined six different greenhouse geometries used for drying,
concluding that the Quonset shape was the most suitable, as verified by their CFD model
and experimental validation.

Inside Outside

Figure 1. Typical Chinese-style solar greenhouse [1].

In a CSG, it is crucial that the indoor temperature does not fall below a minimum
threshold during winter to ensure optimal plant growth. Therefore, an additional heater
should be employed if necessary. Beshada et al. [10] conducted an experimental study
on the efficiency of CSGs under winter conditions in Canada. They documented the
temperature variations within the greenhouse and the necessity for supplementary heating.
Their findings indicated that the indoor temperature of the greenhouse is more influenced
by solar radiation than by the outdoor temperature. Ahamed et al. [11] developed a
MATLAB-based model (CSGHEAT) to calculate the hourly heating requirements for a CSG,
which they validated with experimental data. They subsequently compared this model with
the TRNSYS model, which also performs transient system analysis [12]. They noted that
the TRNSYS model requires further development, particularly in terms of thermal cover
and moisture gain, to accurately predict the greenhouse micro-climate. Dong et al. [13]
enhanced Ma et al.’s [5] model and developed the SOGREEN model, capable of calculating
the necessary heating to maintain specific indoor climate conditions. This model was
validated with experimental data from a greenhouse in Canada. Their results showed that
the heating demand of the greenhouse is primarily dependent on the availability of solar
radiation. They reported that the annual heating requirement of the CSG is 55% lower than
that of a conventional greenhouse. Liu et al. [14] developed a one-dimensional transient
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model to determine the internal temperature and humidity of the CSG. They stated that
their user-friendly model, based on energy balance, could predict the greenhouse indoor
conditions using weather forecasts.

Currently, the prevalence of poorly designed structures, substandard materials, and in-
sufficient supervision has underscored the critical need for high-quality CSG building
standards [1]. Various studies have been conducted on the geometries of CSGs to address
this gap. The geometric configurations of these structures significantly influence their solar
energy absorption capacity. Wei et al. [15] conducted an experimental investigation on the
back wall structure of greenhouses in China, comparing three types: a fully-removable back
wall CSG (FRG), a half-removable back wall CSG (HRG), and a single-span greenhouse
(SPG). During the summer, the back wall was removed for ventilation purposes. Their
findings indicated that the FRG maintained the lowest temperature in summer, while the
SPG exhibited the highest temperature. Mobtaker et al. [16] developed a dynamic model
to predict indoor temperatures for six different greenhouse geometries in northwest Iran.
They reported that a single-span greenhouse oriented east-west received approximately
8% more solar radiation compared to other configurations. Chen et al. [17] examined solar
radiation capture at various latitudes (20 ◦K–30.6 ◦K) for different greenhouse geometries
commonly used in China. They constructed a mathematical model and implemented it
in MATLAB, revealing that the sawtooth shape achieved the highest solar capture rate
across all latitudes. Zhang et al. [18] explored the impact of altering the front shape of
CSGs on solar capture rates. They observed that a flatter front cover enhanced solar en-
ergy capture by the soil and back wall. They concluded that the two optimal front cover
geometries they identified increased night temperatures by 2 ◦C compared to conventional
designs. Liu et al. [19] aimed to enhance thermal insulation and heat storage by modifying
the back wall of the CSG. They established an experimental system in China and tested
it during winter, demonstrating that the new system would improve performance, par-
ticularly in high latitudes and cold regions. The indoor temperature of a greenhouse is
influenced by the thermal resistance and specific heat of the north wall. Various studies
have been conducted to optimize this structural element and, consequently, the green-
house’s performance. Wang et al. [20] simulated and analyzed CSGs with three different
north wall structures in Northern Jiangsu Province, China. They discovered that the
back wall could be thermally divided into three layers, enhancing system performance
through such designs. Yu et al. [21] developed a numerical model using CFD, based on
experimental data, to optimize the greenhouse back wall structure. This model enabled
them to determine the temperature distribution within the greenhouse. They asserted
that the optimization results for different wall heights and thicknesses would facilitate
the construction of energy-efficient greenhouses. Given that the indoor conditions of a
greenhouse are closely tied to the solar energy it receives, the greenhouse’s positioning
is also crucial. Sethi [22] modeled five different greenhouse geometries and assessed the
total radiation entering the greenhouse at various latitudes, concluding that an east-west
orientation is optimal at all latitudes. Gupta et al. [23] analyzed a greenhouse in New Delhi,
India, using 3D-shadow analysis in Auto-CAD, and found that orientation had minimal
effect on the total solar fraction. However, they noted that rotating a greenhouse initially
oriented east-west by 45◦ clockwise resulted in the lowest radiation loss in winter and
maximum loss in summer. El-Maghlany et al. [24] investigated greenhouse orientation
across different locations in Egypt, concluding that south-facing greenhouses captured the
most heat. Çakır and Şahin [25] examined five different greenhouse geometries initially
oriented south, rotating them 1◦ in the east-west direction between 0◦ and 90◦. They
determined that the elliptical greenhouse shape was the optimal design for Bayburt, Turkey.
Stanciu et al. [26] compared a vegetable greenhouse in Romania in terms of north-south
and east-west orientation, finding that both summer cooling loads and winter heating loads
were lower in the east-west orientation. Chen et al. [27] studied the orientation of CSGs at
different latitudes (32◦ N–46◦ N) in China, using Extreme Value Theory to propose a model
that determines the optimal orientation based on latitude.
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Numerous studies have been carried out in the literature about CSGs, which are
widely used in greenhouse cultivation. These include modeling greenhouse indoor con-
ditions, determining additional heater/cooler requirements, and examining the effects of
greenhouse geometry or structural elements. Some studies have investigated the effects of
several types of greenhouses in limited areas, depending on latitude. However, no study
has been conducted on the performance of CSGs across Europe. This study aims to fill
that gap. In this study, a CSG model was created using the Transient System Analysis
(TRNSYS) software, which is widely used for energy analysis of solar energy systems,
and then the model was validated with experimental data from the literature. Subsequently,
the performance of the designed CSG in different geographical locations was examined.
For this purpose, geographical points were selected to simulate CSG performance, from the
southernmost point of Europe to the northernmost point. CSG indoor temperatures and
heating requirements are presented in comparison with each other. Additionally, the effects
of using thermal coverings of different thicknesses on the total heating requirement were
also revealed. Thus, the paper can demonstrate the thermal performance of using CSGs in
different geographical regions and latitudes.

2. Materials and Method
2.1. CSG Model

A CSG, whose side view is shown in Figure 2, is positioned in the northern hemisphere
with the wall side facing north. Thus, it ensures that more solar energy is captured from the
south-facing transparent part. The north wall helps reduce the need for additional heating
at night by storing the heat absorbed from the sun during the day. A thermal covering is
deployed on the transparent surface at night. It is a structure that can be deployed when
needed and retracted afterward. It blocks the passage of solar energy and heat transfer.
With these properties, it is deployed at night to prevent the greenhouse from losing heat
when there is no solar energy and retracted when the sun rises, and the outside temperature
begins to increase. This significantly contributes to energy savings by reducing the need for
additional heating at night. Additionally, if the temperature inside the greenhouse becomes
too high, the thermal covering can be deployed to prevent overheating.

       LE GÉNIE DES BIOSYSTÈMES AU CANADA BESHADA, ZHANG and BORIS5.2

The amount of solar energy indicated above may be
sufficient to maintain the desirable greenhouse temperature in
the daytime. However, the challenge is to maintain the
greenhouse temperature after sunset with little or no
supplemental heating. Although there has been much reporting
on the use of solar energy greenhouses in China, few systematic
studies were conducted, in particular, for high latitude regions.
The objective of this study was to evaluate the thermal
performance of a passive solar energy greenhouse for winter
conditions in southern Manitoba (50° N). 

MATERIALS and METHOD

Solar energy greenhouse

A solar energy greenhouse (SEG) 7-m wide and 30-m long was
tested in this study. The main components of the greenhouse
included steel framing, a single-layer plastic cover, a north wall
for storing solar energy, and a thermal blanket (Fig. 1). The
plastic cover formed the enclosure on the south side of the
greenhouse, while the north wall and a small section of insulated
roof formed the enclosure on the north side. Two insulated walls
(RSI-3.6) formed the enclosures on the east and west ends. The
greenhouse was constructed so that during the daytime the
inside surface of the north wall was fully exposed to direct solar
radiation. As the air in the greenhouse cooled down in the
nighttime, energy absorbed by the north wall was radiated back
to the room. The north wall consisted of a 2-mm thick inside
and outside sheathing of corrugated  galvanized  sheet steel,
152-mm of sand, 13-mm plywood, and 152-mm fibreglass
insulation (Fig. 2). The fibreglass insulation provided thermal
resistance of about RSI-3.5. A portion of the inside surface of
the north wall was painted black to assess the advantage of
having a darker colour for maximum absorption of solar energy.
The north wall was designed as a heat reservoir and also
blocked the wind from the north, thus reducing heat loss caused
by air infiltration.

The plastic cover was a single layer of 6-mil polyethylene,
which has a solar radiation transmissivity of 0.90 (Tyco Plastics,
Minneapolis, MN). The thermal blanket used to minimize heat
loss during the nighttime was made of cotton with an
approximate RSI of 1.2. A winch system was used to operate the
thermal blanket, i.e., rolling it up in the daytime and placing it

over the plastic cover in the nighttimes. During the experiment,
the blanket was rolled up at about 9:00h and down at about
18:00h. 

Temperature and solar radiation monitoring

The indoor air temperature, outdoor air temperature, soil
temperature, and the temperature profile across the north wall
were recorded every 10 minutes by using T-type thermocouples
and a computer controlled data acquisition system (HP3852A,
Hewlett-Packard, Palo Alto, CA). The room temperature was
recorded at three different locations 1.5, 3.0, and 4.0 m above
the ground. The soil temperature was monitored at three
locations, specifically, near the north wall, south end, and in the
middle of the room at depths of 20, 150, and 300 mm at each
location. Temperature across the north wall was monitored for
both painted and unpainted sections at three depths of 10, 60,
and 100 mm from the inside surface of the wall. 

A portable weather station (WatchDogTM Model 550,
Spectrum Technologies, Inc., Plainfield, IL) was placed
approximately 2 m above the ground near the solar greenhouse
to collect on-site weather information. Global solar radiation,
outdoor temperature, relative humidity, and wind speed and
direction were recorded every 5 minutes.

Energy balance calculation

The solar energy that is received by the greenhouse is either lost
to the outside by conduction through the greenhouse envelope
and by convection through infiltration or stored in the
greenhouse. Mathematically, the energy balance equation is
written as:

(1)Q Q Q Qin cd cv st= + +

where:
Qin = solar radiation received in greenhouse (W),
Qcd = conduction heat loss through greenhouse envelope

(W),
Qcv = heat loss through infiltration (W), and
Qst = heat stored in greenhouse (W).

It should be noted that the conversion of sensible heat to
latent heat by plant transpiration was assumed to be negligible
because there were only a few plants in the greenhouse. The
received solar radiation is the amount of the global solar
radiation (G) penetrating through the glazed surface of the
greenhouse, determined as: 

Fig. 1. Side view of the solar energy greenhouse. 

The greenhouse length was 30 m.

South 

North wall 

Thermal blanket  
applied at nighttime 

Thermal blanket  
rolled up at daytime 

Plastic 

North roof 

Fig. 2. Structure of the solar energy storage (north) wall.

Sand (152 mm) 

Plywood (13 mm) 

Fibreglass (152 mm) 

Corrugated galvanized sheet steel (2 mm) 

Corrugated galvanized sheet steel (2 mm) Figure 2. Side view of a CSG [10].

In addition to conduction, convection, and radiation heat gains and losses from
surfaces, significant heat loss in greenhouses is caused by vegetables, fruits, or plants
grown in the greenhouse. As they grow, they increase the heat load through transpiration
and evaporation [28]. This situation also produces moisture, causing an increase in indoor
humidity. This heat transfer mechanism, called evapotranspiration (Qe), can be determined
as follows [29] with moisture transfer rate (MT) and latent heat of water vaporization (Lv):

Qe = MT Lv (1)
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MT = Apρair
(wps − wi)

(Ra + Rs)
(2)

Ap is the area of the plant and ρair is the density of air. The saturated humidity ratio at
the plant temperature (wps) and the humidity ratio at the indoor air temperature (wi) are
calculated with [30]:

wps = 0.6219 × Pws

(P − Pws)
(3)

wi = 0.6219 × Pw

(P − Pw)
(4)

Here, P, Pw, and Pws are atmospheric pressure, partial pressure of the water vapor,
and partial pressure at saturation, respectively. The aerodynamic resistance and the stom-
atal resistance are calculated with [31,32] using characteristic length of plant leaves (L f ),
indoor airspeed (vi), transmissivity of cover (τ), and global solar radiation on the horizontal
surface (Ig):

Ra = 220 ×
L0.2

f

v0.8
i

(5)

Rs = 200 ×
(

1 +
1

exp[0.05 × (τ Ig − 50)]

)
(6)

2.2. TRNSYS Model

To validate the created model with experimental data, the study of Ahamed et al. [11]
was used. They presented the results of their experiments as graphics, specifying the
geometric dimensions, all building materials, and characteristic features of the greenhouse
they worked in. Additionally, measurements taken during the experiment, such as indoor-
outdoor temperature, solar radiation, cloud cover, and additional heater usage, were
provided in graphical form. In the first stage, all these graphics were converted into
numerical data using WebPlotDigitizer v4.4, a web-based plot digitizer software (Figure 3).
Consequently, the operating parameters to be used as input to the created model were
obtained from the experimental data in the literature. This allows for a comparison of our
model’s results with the experimental results under the same conditions.
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Figure 3. Digitized experimental data obtained from the study of Ahamed et al. [11].

For the transient system analysis, TRNSYS software, which is widely used in this field,
was employed. TRNSYS is a comprehensive and extensible simulation environment for
the transient simulation of systems, including multi-zone buildings [33]. While setting up
the TRNSYS model, the 3D model of the greenhouse was first created in SketchUp 2021
software. The created greenhouse is shown in Figure 4.
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7.23 m

2.10 m30.00 m

2.08 m

3.50 m

Figure 4. 3D CSG model created with SketchUp.

In TRNSYS, each operation is performed in modules (Types) and connections are estab-
lished between them (Figure 5). The building materials and dimensions of the greenhouse
are stored in Type 56—Multi-Zone Building. The location information to be examined
is set in Type 15—Weather Data Processor by selecting from the TRNSYS library. Since
evapotranspiration depends on outdoor temperature and solar energy, it varies widely
throughout the day. Therefore, a separate module was created to calculate the evapotran-
spiration heat based on time. Results can also be obtained both visually and in tabular form
using appropriate modules.

Figure 5. Created TRNSYS model.

2.3. Validation of TRNSYS Model

Type 15—Weather Data Processor is created by default, as location information is
also entered when a 3D model drawn with SketchUp is transferred to TRNSYS. Since
experimental measurements will be used as weather conditions in the validation part of
our study, Type 15 was deleted and replaced with Type 9—Data Reader for Generic Data
Files (Figure 6). This module allows the experimental measurement results to be used as
inputs to the model. Solar radiation incident on the surfaces was calculated for all slopes
and directions using the Type 16—Solar Radiation Processor, and connections were made
to the relevant surfaces one by one. As a result, the model was ensured to operate under
the same conditions as the experimental data.
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Figure 6. TRNSYS model modified for the validation study.

The transparent surface used in the experimental study [11] is not included in the
standard TRNSYS library. This surface must be correctly added to the model, as it is where
solar energy is absorbed indoors. For this purpose, using Berkeley Lab Window v7.8.28.0,
a surface was created according to the specifications given in the experimental study and
added to the TRNSYS library.

To validate the created model, the indoor temperature and additional heating require-
ments given by Ahamed et al. [11] were discussed. They conducted their experiments for
3 days. The soil cable heating system, which was not operated on the first two nights, was
operated on the third night. As this causes additional heat gain, it disrupts the compatibility
with the model. For this reason, only the first two days’ data were used for validation.

Statistical analysis was performed to evaluate the agreement with the experimental
data. For this purpose, let n, ye, ym, and ý represent the number of data points, estimated
data, measured data, and mean value of measured data, respectively. The coefficient of
determination (R2), percent error (PE), root mean square error (RMSE) and relative root
mean square error (rRMSE) values were calculated as follows:

R2 = 1 − ∑(ym − ye)2

∑(ym − ý)2 (7)

PE =
(ym − ye)

ym
× 100 (8)

RMSE =

√
∑(ym − ye)2

n
(9)

rRMSE =
100
ý

×

√
∑(ym − ye)2

n
(10)

In Figure 7, the comparison of the indoor temperatures obtained from the simulation
with the experimental measurements is given with 10% error bars. When the results are
analyzed, it is seen that the maximum percent error and mean percent error are 20.3 and
0.4, respectively. R2, RMSE and rRMSE values are 0.95, 1.1 ◦C, and 5.9%, respectively.
The results show that the model can accurately predict the indoor temperature with a low
margin of error.

In Figure 8, experimental results and simulation results are compared in terms of
additional heating requirements. 5% error bars were also added to the simulation results.
The maximum percent error and average percent error are 4.9 and 0.1, respectively. R2,
RMSE and rRMSE values are 0.99, 252 kJ/h, and 3.7%, respectively. The results show that
the model can also predict the additional heating requirements with acceptable accuracy.
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Figure 7. Comparison of the experimental and the simulation indoor temperatures.

0

5000

10,000

15,000

20,000

25,000

1 6 11 16 21 26 31 36 41 46

H
ea

ti
n

g 
R

eq
u

ir
em

e
n

ts
 [

kJ
/h

]

Time [h]

Simulation Results Experimental Results

Figure 8. Comparison of experimental and simulation additional heating requirements.

When the results given in Figures 7 and 8 are examined, it is seen that our TRNSYS
model can be used to determine the indoor temperatures and additional heating require-
ments of a CSG.

3. Results and Discussion

To investigate the performance of CSGs in different geographical locations, cities from
the TRNSYS library, ranging approximately from the southernmost (Funchal, Portugal) to
the northernmost (Tromso, Norway) of Europe, were selected (Table 1). In selecting the
cities, care was taken to ensure that the latitude difference between the cities averaged 5◦.
The purpose of varying the latitude is to modify the climate data. To minimize the impact
of elevation on climate data, the selected provinces were chosen to be as close to sea level
as possible. The aim here is to reveal the effect of latitude change on the performance of
the CSG.
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Table 1. Selected cities and location information from TRNSYS library.

No Country Location Latitude [◦ N] Longitude [◦ E] Elevation [m]

1 Portugal (PT) Funchal 32.63 −16.9 56
2 Malta (MT) Luqa 35.83 14.43 135
3 Turkey (TR) Canakkale 40.13 26.4 3
4 Italy (IT) Genoa 44.42 8.85 3
5 Germany (DE) Bonn 50.7 7.15 65
6 Denmark (DK) Copenhagen 55.67 12.3 28
7 Finland (FI) Helsinki 60.17 24.95 9
8 Sweden (SE) Kallax 65.55 22.13 16
9 Norway (NO) Tromso 69.65 18.95 102

The monthly mean outdoor temperatures and total solar radiation of the selected cities
are given in Figure 9 and Figure 10, respectively. As expected, temperatures and solar
radiation are high in the south. These values decrease towards the north. These values
closely affect both the heat loss of the CSG to the environment and the heat gain from
the sun.
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Consistent with the results of Beshada [10], the daytime indoor temperatures were
more dependent on solar radiation than on outdoor temperatures. At night, since there is
no solar radiation, the indoor temperature varies mainly depending on the outdoor tem-
perature. The CSG monthly mean indoor temperature values are given in Figure 11 when
no additional heater is used. The hourly indoor temperatures for all cities were found to be
close to the outdoor temperature at night and well above the outdoor temperature during
the daytime. For this reason, the daytime indoor temperatures of cities in the southern
latitudes, which receive more solar energy, have also increased the mean value. Conversely,
the mean indoor temperatures were found to be lower in cities at northern latitudes.
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Figure 11. CSG monthly mean indoor temperatures without additional heater.

To be able to grow plants in the greenhouse in winter, it is not desirable for the CSG
indoor temperature to fall below a certain value. For this purpose, an additional heater is
used in the system. This additional heater is operated when the CSG indoor temperature
falls below 16 ◦C and is turned off when it rises above 20 ◦C. The control of the additional
heater is done with the thermostat in the model. Figure 12 shows the increase in the monthly
mean indoor temperatures when the heater is used, compared to when the heater is not
used. Since the minimum indoor temperatures were set to 16 ◦C with the additional heater,
the minimum of the averages approached 16 ◦C, unlike in Figure 11. Since the outdoor
temperature does not decrease much at night and the need for heating is already low in
southern cities where the daytime sun is intense, the increase in the indoor temperature
with heating was also low. In fact, in Funchal and Luqa, the two southernmost cities of our
study, additional heating did not increase the monthly mean indoor temperature. Towards
the north, due to the low outdoor temperature and low solar radiation, the heating effect
has increased, and the indoor temperatures have increased.

When examined hourly, it is seen that the daytime indoor temperatures can reach
50 ◦C in winter, especially in southern cities. Since excess temperature is harmful to
plants, the indoor temperature should be lowered in a controlled manner. At this point,
it is possible to take advantage of the fact that the daytime indoor temperature is more
dependent on solar radiation than on outdoor temperature. The outdoor air, which is at a
lower temperature than the indoor temperature, can be taken in through the ventilation
openings, allowing the environment to cool naturally and reach the desired temperature.
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Figure 12. Increase in the monthly mean indoor temperatures of the CSG when the additional heater
is used.

The annual total energy consumption of the additional heater used to provide the
minimum set point temperature is given in Figure 13. Heating requirements in cities in
cold northern latitudes are relatively high, while heating requirements decrease towards
the south. For Funchal and Malta, seen in Figure 12, the heating requirements are also zero,
as there is no year-round temperature increase with additional heating. Since the annual
heating requirement in Malta is as low as 0.15 kW/m2, it is accepted as zero. As the latitude
increases, that is, towards the north, the heating requirements in general also increase.
Also in Figure 13, the duration of the heating season is indicated in months. It has been
demonstrated that year-round heating is required in Tromso, the northernmost city.
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Figure 13. CSG’s annual heating requirements and durations.

At night, when solar energy cannot be utilized, the transparent south roof of the CSG is
covered with a thermal covering. Thus, night heat loss is minimized. In practice, the thermal
covering is easy to operate on a fixed schedule. However, this is quite inefficient as it is
done without considering solar energy momentarily. Instead, it is necessary to control
based on solar energy. In our study, the thermal covering was kept open during the hours
when solar energy could not be used. This has been done through a module added to the
TRNSYS model. Depending on the cities, the open times of the thermal covering are given
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in Figure 14. This value is higher in cities in northern latitudes, where the sun exposure
time is less in winter. In summer, as the sunshine duration is longer and nights are shorter
in high northern latitudes, the open time of the covering is relatively shorter.

0

100

200

300

400

500

600

700

800

1 2 3 4 5 6 7 8 9 10 11 12

M
o

n
th

ly
 T

o
ta

l H
o

u
rs

 o
f 

C
o

ve
ri

n
g 

[h
]

Months

Funchal (Portugal)

Luqa (Malta)

Canakkale (Turkey)

Genoa (Italy)

Bonn (Germany)

Copenhagen (Denmark)

Helsinki (Finland)

Kallax (Sweden)

Tromso (Norway)

Figure 14. Open times of the thermal covering.

The thermal covering used significantly reduces the heating requirements. This
decrease is shown in Figure 15. If the cities of Funchal, Portugal (32.63◦ N) and Luqa, Malta
(35.83◦ N), where the requirement for additional heating is zero when the thermal covering
is used, are excluded from the analysis, it can be seen from Figure 15 that the benefit ratio
(BR) of the thermal covering (Equation (11)) changes between the cities in the south and
the north. This is related to the outdoor temperature at night when the thermal covering
is used. The thermal covering of the same material and thickness loses less heat at the
higher nighttime outdoor temperatures. As the outdoor temperature decreases, the heat
loss increases. Therefore, the use of thermal coverings in cities located in the relatively
south, such as Canakale, Turkey (40.13◦ N) and Genoa, Italy (44.42◦ N) further reduces the
requirement for additional heating. Conversely, covering reduces the heating requirement
less in the northern cities of Kallax, Sweden (65.55◦ N) and Tromso, Norway (69.65◦ N).
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Figure 15. Annual heating requirements and benefit ratios based on thermal covering usage.



Energies 2024, 17, 5435 13 of 15

BR = 1 − Heating requirement with covering
Heating requirement without covering

(11)

To increase the BR of Tromso, the northernmost city, an investigation was made by
increasing the thickness of the covering material. As can be seen in Figure 16, it was found
that BR could be increased up to 70% in this city. Although increasing the thickness of the
thermal covering reduces the heating requirement, in Tromso, it has been found that the
heating requirement remains throughout the year.
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Figure 16. Annual Heating Requirements and benefit ratios of the CSG in Tromso (Norway).

4. Conclusions

TRNSYS, which has a large weather database, is frequently used in the analysis of
solar energy systems. In this study, a CSG model was created using TRNSYS and validated
with experimental data. Then, the use of CSG for cities in different latitudes of Europe
was investigated. The study was carried out throughout the year, focusing on the heating
needs necessary for winter. The results of this study reveal the suitability of using CSG in
plant breeding for Europe in general. The study also highlights possible improvements and
developments. The main results of the study are as follows:

• In the study, nine different cities in Europe were selected based on their latitudes to
alter their climate data. These cities are between 32.63◦ N and 69.65◦ N latitude and
are spread approximately from the southernmost to the northernmost in Europe. Thus,
results were obtained across a very wide latitude range.

• The CSG indoor temperatures and corresponding heating requirements were found
to depend on solar energy during the daytime and the outdoor temperature during
nighttime.

• In temperate southern cities with intense sun, the need for heating in winter is low.
In Funchal, Portugal (32.63◦ N) and Luqa, Malta (35.83◦ N), heating was not even
required in winter.

• Towards the north, the requirement for heating increased. Despite the prolongation of
sunshine duration, the decrease in solar radiation and outdoor temperature caused
this increase. It has also been shown that the heating requirement in Tromso exists for
12 months of the year.

• The use of thermal covering significantly reduces the need for heating. Since control
according to a fixed schedule leads to inefficiency, transient control based on solar
energy was implemented. The use of thermal covering of the same material and
thickness reduced the heating requirement by 50–80% depending on the location. It
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has been shown that in cold northern regions where this decrease is low, the benefit
ratio of the covering can be increased up to 70% by increasing the covering thickness.

• Since the cities were selected to be approximately at sea level to eliminate the effects
of elevation, the results obtained based solely on latitude cannot be generalized.
Different results may be obtained at the same latitude but in a high mountainous
region, depending on temperature and solar radiation. Future studies could consider
the variations in temperature and solar radiation due to elevation.
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Abbreviations
The following abbreviations are used in this manuscript:

Ap area of plant [m2]
Ig global solar radiation on horizontal surface [W/m2]
L f characteristic length of plant leaves [m]
Lv latent heat of water vaporization [J/kg]
MT moisture transfer rate [kg/s]
n number of data points
P atmospheric pressure [kPa]
Pw partial pressure of the water vapor [kPa]
Pws partial pressure at saturation [kPa]
Qe evapotranspiration heat transfer rate [W]
Ra aerodynamic resistance [s/m]
Rs stomatal resistance [s/m]
vi indoor airspeed [m/s]
wi humidity ratio of air at indoor temperature [kg/kg]
wps saturated humidity ratio of air at plant temperature [kg/kg]
ye estimated data
ym measured data
ý mean value of measured data
ρair density of air [kg/m3]
τ transmissivity of cover
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