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A B S T R A C T

A ventilated roof consists of generating a series of ducts inside the roof of a building through the creation of openings near the rain gutters and on the ridge. Although 
in pitched roofs airflow is often buoyancy driven, for horizontal roofs or to enhance performance, forced convection becomes necessary. This study explores the use of 
a commercially available M-cycle evaporative cooler as a multifunctional solution for thermal management and ventilation in school buildings. By integrating the M- 
cycle with a ventilated roof, the study focuses on optimizing air renewal and cooling through the use of product air, while the working air, typically wasted, is used to 
ventilate the roof cavity. By employing an approach that combines psychrometric, analytical, and CFD models, it is demonstrated that, on a traditional roof 
configuration with cavity on top, the M-cycle can reduce solar gain by up to 68% when working air is used to ventilate the cavity. Furthermore, it is shown that the 
positioning of the ventilated cavity plays a crucial role, providing the best results when facing indoors. In such cases, it contributes to a solar gain reduction of up to 
94%, leading to the development of a radiant cold surface that actively assists in cooling the room. These findings provide a first insight on a sustainable solution that 
can be applied beyond the specific case study, improving indoor climate control and reducing environmental impact.

1. Introduction

Most daily activities now take place indoors, making the building 
sector the largest global energy consumer [1], with significant impacts 
on resource consumption and climate change. In the United States, for 
instance, electricity consumption has increased significantly, rising from 
approximately 281 billion kWh in 1950 to 4.07 trillion kWh in 2022, a 
fourteen-fold increase. This growth reflects the increasing reliance on 
electricity for lighting, heating, cooling, and other essential applica
tions. Among these, space cooling is a major contributor, accounting for 
16.2 % of residential electricity consumption in 2022, highlighting its 
significant role in total energy use [2].

This scenario underscores the urgency of finding solutions to 
improve energy efficiency by reducing consumption and maximizing 
resource utilization. The issue becomes critical in indoor space design, 
where architectural choices affect not only energy use but also the 
comfort and health of occupants. Air quality directly impacts physical 
well-being, while lighting and acoustics play key roles in the overall 
perception of space [3] and exposure to indoor pollutants can cause 
health problems, including asthma, allergies, and even severe diseases 
like lung cancer [4]. Phenomena such as Sick Building Syndrome (SBS), 
which include symptoms like eye irritation, headaches, and respiratory 

difficulties, are frequently reported in workplaces or study environments 
[5]. Such conditions are often associated to inadequate ventilation, high 
CO2 concentrations and the presence of volatile organic compounds 
(VOCs), formaldehyde, dust and other bioaerosol contaminants [6]. 
Indoor air quality (IAQ) and ventilation are also crucial for productivity 
in workplaces and learning capacity in educational buildings [7], with 
studies establishing correlations between student performance and 
environmental parameters such as air temperature, relative humidity, 
and CO2 concentration [8].

However, analyses of ventilation rates in many schools, offices, and 
residential buildings have shown that recommended levels are often not 
achieved [9], with CO2 concentrations frequently exceeding 1000 ppm 
and peaking at 6000 ppm in some cases [10]. Such high values are 
associated with worsening respiratory symptoms and reduced cognitive 
ability, whereas good air quality can significantly enhance productivity 
and learning. For instance, in educational settings, increased air renewal 
in classrooms has been linked to improvements in students’ performance 
[10], further highlighting the importance of this aspect.

In building design, balancing energy efficiency, thermal comfort, and 
indoor air quality represents a complex challenge, referred to as the EE- 
TC-IAQ dilemma (energy efficiency, thermal comfort, indoor air quality) 
and densely occupied spaces, such as classrooms, require significant air 
exchange to maintain good air quality. However, this can increase 
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energy consumption for heating or cooling. Solutions such as summer 
night-time free ventilation, optimizing building envelope insulation, 
and managing solar gains can reduce energy costs while maintaining 
high comfort standards [11]. Moreover, climate-specific and site- 
specific building design is essential, i.e, in cold climates, enhancing 
thermal insulation can significantly reduce energy consumption, while 
in hot climates, reducing solar gains and improving cooling system ef
ficiency becomes a priority.

The choice of HVAC (Heating, Ventilation, and Air Conditioning) 
systems also plays a crucial role in this balance and evaporative cooling 
cycles offer an energy-efficient alternative to traditional vapor 
compression refrigerators (VCR). These systems have evolved signifi
cantly, from direct evaporative architectures, which are simple in design 
but problematic due to increased absolute air humidity, to the Mai
sotsenko cycle (M-cycle), which has introduced a revolutionary change 
in evaporative cooling systems [12].

The M-cycle uses the same concept of dry and wet channels of in
direct evaporative coolers but modifies the airflow path to create a new 
thermodynamic cycle capable of moving the lower temperature limit 
from the wet bulb to the dew point temperature of the incoming air. This 
is achieved by diverting a portion of the total airflow entering the dry 
channel, into the wet channel (working air), where the latent heat of 
evaporation removes heat from the dry side through a heat transfer 
surface that separates the two ducts. Due to the slope of the saturation 
curve, a small increase in working air humidity results in a significant 
temperature drop in the product air [13], which refers to the portion of 
air that is not directed into the wet channel but rather delivered to the 
indoor environment to be cooled. At the end of the process, the working 
air, nearly saturated, is typically exhausted to the external environment.

M-cycle systems, extensively studied in the literature, both experi
mentally and numerically, have demonstrated potential in cross-flow 
and counter-flow configurations, each offering distinct advantages. 
Experimental investigations on M-cycle heat exchangers in counter-flow 
configurations have demonstrated their high cooling capacity, making 
them particularly suitable for applications requiring efficient heat 
dissipation. Under typical HVAC operating conditions, their Energy 

Efficiency Ratio (EER) values range from 2.8 to 15.5 [14], with energy 
savings of up to 58.7 % (compared to VCR) reported for the cooling 
demand in certain cities in China [15].

Despite their promising advantages, evaporative coolers are highly 
dependent on environmental conditions and often cannot achieve the 
same cooling capacity as VCR systems. Additionally, they require a 
continuous supply of fresh air to sustain the evaporation process and 
dissipate latent heat and, as a result, buildings equipped with evapora
tive coolers must maintain constant air exchange, which can lead to 
excessively high air velocities due to the large volumetric airflow rates 
involved. However, this characteristic can also be exploited as an 
effective solution to ensure proper ventilation in enclosed spaces while 
simultaneously removing internal heat.

The M-cycle is therefore more easily integrated into VCR systems 
rather than serving as a standalone solution for cooling buildings such as 
schools, offices, and similar non-industrial spaces, where an indoor 
setpoint temperature is often required regardless of external climate 
conditions. In this context, the M-cycle can help to reduce energy usage 
by pre-cooling the airflow supplied indoors, fulfilling the need for air 
exchange while lowering the energy demand of the VCR system [16].

A further strategy to improve building’s energy efficiency, during hot 
seasons, is the adoption of a ventilated roof. Consisting of two layers 
separated by an air gap that acts as a ventilation channel, a ventilated 
roof reduces heat transfer indoors, thus limiting cooling energy demand 
[17]. The ventilated cavity is located between the top layer of tiles, 
which usually sits on a waterproofing membrane and a supporting slab, 
and the underlying roof structure. Air enters through vents near the 
gutters, moves upward through the cavity following the roof slope, and 
exits through ridge openings. This continuous airflow naturally removes 
the heat absorbed from solar radiation and under high solar irradiance, 
ventilated roofs demonstrate significant reductions in heat flux trans
ferred indoors compared to non-ventilated roofs [18].

Their performance also relies on the stratigraphy and placement of 
the insulation layer, which should be located between the ceiling and 
the ventilation channel for the best results in roofs ventilated with 
external ambient air [19]. The choice of roof covering is also crucial to 
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m2K, Convective heat transfer coefficient
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J
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s , Mass flow rate
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mol, Molar mass

n mol, Number of moles
p Pa, Pressure
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amb External Environment
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channel
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do Dry channel outlet
DB Dry bulb temperature
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s Surface
sat Vapor saturation condition
v Vapor state
WB Wet bulb temperature
wo Wet channel outlet
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avoid extreme surface temperatures caused by solar radiation and the 
most common option are clay tiles. Nevertheless corrugated sheet metal 
roofs (which function as a radiative barrier when properly coated) are 
gaining popularity due to their durability and lightweight properties, 
providing an alternative approach for energy-efficient building design 
[20].

The functioning of a ventilated roof, as described, is limited to 
pitched roofs, where natural airflow is driven by temperature and den
sity gradients within the ventilated cavity. In this context, various 
studies have explored ways to enhance natural ventilation thorough 
examination of different influencing factors, including roof length, 
external atmospheric pressure, the integration of phase change materials 
[21], incorporating radiant barriers within the cavity [22] and imple
menting thermal breakers to reduce heat conduction through structural 
elements [23]. However, natural airflow in real applications is often 
weak and inconsistent, and its effectiveness can be further compromised 
when high ambient temperatures result in the intake of excessively 
warm air into the roof cavity. To address these limitations, forced 
ventilation strategies have been investigated to both stabilize and 
regulate airflow based on environmental conditions and to extend the 
benefits of ventilated roofs to flat surfaces [24].

Alongside these strategies, evaporative cooling stands out as a po
tential integration into roofs to reduce solar gains. In this regard, several 
studies explored a range of application technologies, including systems 
based on shaded water ponds [25] or spray cooling [26], as well as 
solutions employing porous materials, such as tiles or specialized layers, 
to promote evaporation. Integrated water ponds in roofs, for example, 
have proven effective in reducing heat in both tropical climates [27] and 
arid ones [28], even if they pose the problem of roof waterproofing, 
inefficient water use, and the risk of bacterial proliferation. On the other 
hand, configurations that use porous tiles [29] or hydrophilic material 
layers [30] can effectively lower roof surface temperatures while opti
mizing water consumption.

An alternative approach involves the use of evaporative coolers to 
saturate the air before it is introduced into a ventilated roof cavity, as 
studied by Pedrazzi et al. [31]. This technique not only maximizes the 
cooling potential of evaporated water but also prevents condensation 
within the cavity. By eliminating the structural and maintenance com
plexities of systems with exposed water surfaces, this solution has 
proven to be an efficient and feasible alternative to evaporative cooling 
methods available in literature.

This study aims to advance the current state of the art, where 
evaporative coolers are used in ventilated roofs, by investigating the 
application of a commercially available M-cycle cooling system as a 
multifunctional solution for both thermal management and ventilation.

As previously mentioned, this indirect evaporative cooler generates a 
significant flow of waste air (working air), which, despite being much 
cooler than the ambient air, is saturated and therefore unsuitable for 
direct indoor cooling. The key novelty of this approach lies in utilizing 
the working air to ventilate a flat roof while simultaneously using the 
product air to ensure indoor air renewal, contributing to cooling.

To minimize the variables involved, this solution was tested using an 
ideal school building as a case study, allowing the definition of specific 
occupancy levels, room dimensions and air exchange rates and 
providing a preliminary tool for evaluating the feasibility of this solution 
also as a retrofit option for existing buildings.

This represents an initial attempt at an integrated approach that 
optimizes both the building envelope and the HVAC system, going 
beyond conventional methods in the literature, which typically treat the 
building structure and HVAC systems as separate entities.

The aim is to produce findings that extend beyond the specific case 
study and can be applied to broader contexts.

In this work, the M-cycle is considered integrated with a vapor 
compression refrigeration (VCR) system designed to maintain the indoor 
spaces’ dry-bulb temperature at a predetermined level. Different roof 
stratigraphies will be analysed to determine the optimal positioning of 

both the ventilated cavity and the insulation layer under various cli
matic conditions. Additionally, different ventilation strategies will be 
explored based on the external and working air temperatures.

The next chapter presents the initial case study, which is crucial for 
identifying the problem and narrowing the focus to key variables. This is 
followed by a description of the analytical model that outlines the M- 
cycle’s operation, providing the boundary conditions for the CFD anal
ysis of heat transfer within the cavity and enabling the evaluation of the 
ventilated channel’s performance.

2. Material and methods

2.1. Description of the case study

The case study examines the application of an evaporative cooling 
unit based on the M-cycle architecture to the ventilated and flat roof of a 
school building. This context allows the exploration of various strate
gies, which will be detailed later, for combining and utilizing different 
air sources for channel ventilation. Additionally, given the strong de
pendency of M-cycle performance on the specific machine selection, the 
analysis is focused on a case study featuring well-defined geometries 
that serves as a basis for generalizing the results.

This study does not aim to calculate the overall energy behaviour of 
the building, instead, the focus is on identifying a few application so
lutions for forced roof ventilation and evaluating their contributions, 
assuming that the performance of the rest of the structure remains un
changed while varying the roof configurations under investigation.

The widespread use of wooden roofs in the market is largely due to 
their ecological benefits and excellent seismic resistance and, for this 
reason, a timber roof with a thickness of 2.5 cm and a thermal con
ductivity of 0.12 W/(m K) was chosen for this study. For instance, this 
configuration is commonly used in Italy for newly built schools 
(particularly in areas undergoing post-seismic reconstruction) as rec
ommended by the guidelines of the Ministry of Education [32]. These 
roofs are typically covered with an insulating layer and, depending on 
landscape constraints, finished with either metal sheets or tiles.

Some of these buildings already include ventilated roofs with an air 
cavity above the insulation layer, while, in other cases, natural venti
lation was not considered due to the low or absent roof slope. In these 
situations, it can be investigated the possibility of retrofitting a hori
zontal forced ventilation channel above the existing roof. However, 
altering the external roof may not always be possible due to the presence 
of thermal, photovoltaic or HVAC systems and, as a result, the potential 
of installing a ventilation channel beneath the wooden decking can be 
explored too.

Usually, school classrooms have a floor area ranging from about 40 
up to 70 square meters.

[33] and the building portion considered for sizing the cooling unit 
consists of three classrooms, each measuring 6.8 x 7.2 m, adjacent to one 
another and forming part of a larger block of classrooms that extends 
beyond these three.

The ventilated cavity has a thickness dc = 10cm (assuming the 
maximum thickness recommended by the UNI 9460:2008 [34]) and it 
extends along the entire length of the classroom (7.2 m) and across the 
entire width: a series of parallel channels of homogeneous dimensions 
are hypothesized.

Two different positionings of the cavity with respect to the insulating 
layer are considered: cavity on top and cavity at bottom.

Considering the case of creating a ventilation channel above an 
existing roof (this configuration will be referred to as cavity on top), the 
following stratigraphy is chosen and listed starting from the side closest 
to the interior: a 2.5 cm thick wooden decking (λwood = 0.1 W

mK), an 
insulating foam layer (λXPS = 0.03 W

mK) with variable thickness 
(dXPS = 5$15cm to simulate different thermal transmittances and ther
mal conductivity in accordance with the minimum requirements based 
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on the climatic zone), the ventilated channel (dc = 10cm) and an 
external covering made of painted sheet metal (thickness 0.1 cm and 
λm = 52 W

mK) properly coated to reach an absorption coefficient α = 0.5 
and thermal emissivity ∊ = 0.9.

When the channel is placed inside the building, e.g. as a suspended 
ventilation ceiling (this configuration will be referred to as cavity at 
bottom), the following stratigraphy from inside out is considered: 
drywall with thermal conductivity of λgyp = 1 W

mK and dgyp = 1.2cm, the 
ventilation channel, wooden decking (2.5 cm), and insulating material 
faced to the external environment covered with the same metal sheet. 
Insulation is tested at different thicknesses also in this configuration.

Solar irradiance has been considered constant with a value equal to 
the hourly average from 8:00 AM to 2:00 PM (typical school operating 
hours), assuming a sunny day in July, when the school term has ended 
but the schools are often fully operational with summer camps and al
lows us to consider a worst-case scenario in terms of cooling demand. 
The daily variation of solar irradiance measured in the city of Modena 
(urban area) on 10 July 2023 is shown in the graph of Fig. 1 with the 
considered period highlighted, whose average is 780 W/m2. This value 
was used for the incident radiation in each case.

Each classroom is considered to be maintained at a constant and 
uniform internal temperature Troom = 27◦C (upper limit recommended 
by Legislative Decree 81/08), assuming the presence of a VCR system for 
summer cooling. The air change per hour is calculated following the UNI 
10339:1995 standard, suggesting a rate up to AC = 7 L

sperson for a sec
ondary high school, implemented as a worst case. The same standard 
also suggests a maximum occupancy rate OR = 0.45 person

m2 , leading to a 
presence of 22 people per classroom. The people metabolic heat rate was 
considered constant at Q̇met = 126 W

person as suggested by the ISO 
8996:2021 [35] and used in similar studies on air conditioning in school 
buildings [36].

The operation of evaporative coolers does not involve internal air 
recirculation sections, as there is no condensation stage like in VCRs.

The performance of the following operational configurations of the 
ventilated package are then considered: 

• Ventilation with working or exhaust air: for this configuration, both 
cavity on top and cavity at bottom solutions are ventilated with 
working air when its temperature is lower than the room setpoint 
temperature. When the M-cycle operates with a working air outlet 
temperature above 27 ◦C, exhaust air exiting the room is used 

instead. Exhaust air is assumed to be expelled from the room at the 
room setpoint temperature.

• Ventilation with external air: in the absence of an M-cycle evapora
tive cooler and without altering the air extraction ducts, the 
configuration considered involves ventilating the cavity on top with 
air at ambient temperature, thereby simulating the behaviour of a 
traditional ventilated roof, even if with forced convection. This case 
is used as a baseline to measure the benefits of using exhaust air or 
working air.

A diagram of the different cavity positioning configurations and type 
of air used for ventilation is shown in Fig. 2.

For each scenario, in addition to varying the insulation thickness, 
five distinct climatic conditions were analysed to account for different 
outdoor air dry and wet-bulb temperatures while maintaining the same 
solar irradiance. These conditions correspond to those used by the 
manufacturer (Seeley International Inc.), whose data were used in the 
study: 

- Arid (Tdb = 42◦C, Twb = 21◦C)
- Temperate (Tdb = 37◦C, Twb = 19◦C)
- Continental (Tdb = 31◦C, Twb = 20◦C)
- Sub-tropical (Tdb = 31◦C, Twb = 23◦C)
- Tropical (Tdb = 33◦C, Twb = 26◦C)

Each of these climates leads to different operating conditions of the 
evaporative cooler, generating variations in the temperatures of both the 
product air and the working air.

The following section describes in detail the operation of the iden
tified evaporative cooler and presents the method for calculating the air 
temperatures at the cavity outlet under different environmental 
conditions.

2.2. M-cycle evaporative cooler

For the performance assessment of the M-cycle, the technical infor
mation were provided by Seeley International for the commercially 
available CW-H15 heat and mass exchanger model. A product air outlet 

Fig. 1. Solar radiation trend measured on July 10, 2023, at latitude 44.6583 
and longitude 10.9187 (ARPAE – Emilia Romagna Region Dext3r Database −
https://simc.arpae.it/dext3r/).

Fig. 2. Representation of the different analysed cases: cavity on top ventilated 
with working air (a), exhaust air (b) ambient air (c) and cavity at bottom 
configurations ventilated with working air (d) and exhaust air (e).
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temperature (Tp) is provided according to the variation of the psychro
metric conditions of the processed ambient air. The data regarding the 
outlet conditions of the air from the wet channel are not directly 
available; therefore, a calculation is necessary to estimate these pa
rameters. According to Seeley International, the volumetric flow rate of 
the product air is considered constant at 3546m3/h and the product-to- 
inlet volumetric flow ratio is assumed to be constant and equal to 55 %: 

rV =
V̇p

V̇di
= 0.55 (2.1) 

For the conversion to the product-to-inlet mass flow ratio, the following 
relationship is applied: 

rm =
ṁp

ṁdi
=

ρpV̇p

ρdiV̇di
=

ρp

ρdi
rV (2.2) 

Knowing the inlet volumetric flow rate and thermo-hygrometric con
ditions V̇di, Tdi, φdi, pdi, it is possible to calculate the mass flow rates of 
water vapor ṁv,di, dry air ṁda,di, and therefore the total mass flow rate 
within the dry channel ṁdi 

ṁv,di =
pv,diV̇diMv

RTdi
=

φdipv,sat,di(Tdi)V̇diMv

RTdi
(2.3) 

ṁda,di =
pda,diV̇diMda

RTdi
=

(
pdi − pv,di

)
V̇diMda

RTdi
(2.4) 

ṁdi = ṁda,di + ṁv,di (2.5) 

This value can be used to calculate the density of the humid air mixture 
at the inlet ρdi through the definition 

ρdi =
ṁdi

V̇di
(2.6) 

The mass flow rate inside the dry channel remains constant along its 
entire length 

ṁdo = ṁdi (2.7) 

From this, it is possible to calculate the volumetric flow rates at the 
outlet of the dry channel for dry air V̇da,do, water vapor V̇v,do, and 
consequently, the total volumetric flow rate at the outlet V̇do 

V̇da,do =
ṁda,doRTdo

pdoMda
(2.8) 

V̇v,do =
ṁv,doRTdo

pdoMv
(2.9) 

V̇do = V̇da,do + V̇v,do (2.10) 

It is now possible to calculate the density of the humid air mixture at the 
outlet of the dry channel ρdo, which can be assumed to be equal to the 

density of the product air ρp 

ρdo =
ṁdo

V̇do
= ρp (2.11) 

At this point, the product to inlet mass flow ratio can be calculated 
through equation (2.2). The resulting mass flows at various locations can 
then be used in the overall mass and energy balance of the system. 
Considering the diagram in Fig. 3, the overall mass and energy balances 
for this heat exchanger is then formulated.

The mass balance of the dry gas mixture, considering the calculated 
mass flow ratio under the assumption of perfect mixing, is expressed as 

ṁda,di = ṁda,p + ṁda,wo = rmṁda,di + ṁda,wo (2.12) 

leading to the relationship 

ṁda,wo = ṁda,di − rmṁda,di = (1 − rm)ṁda,di (2.13) 

The mass balance for water is written as 

ṁv,di + ṁl = ṁv,p + ṁv,wo = rmṁv,di + ṁv,wo (2.14) 

from which the water consumption of the system can be calculated as 

ṁl = (rm − 1)ṁv,di + ṁv,wo (2.15) 

However, to calculate the water consumed, it is necessary to know the 
humidity at the outlet of the wet air stream. If this data is unavailable, an 
assumption must be made. By specifying the relative humidity at the 
outlet of the wet channel φwo, the relationship for the absolute humidity 
under this condition can be written. 

ωwo =
ṁv,wo

ṁda,wo
=

Mv

Mda

pv,wo

pwo − pv,wo
=

Mv

Mda

φwopv,sat(Two)

pwo − φwopv,sat(Two)
(2.16) 

From this, the mass flow rate of water vapor at the outlet of the wet 
channel can be determined. 

ṁv,wo = ωwoṁda,wo = ωwo(1 − rm)ṁda,di (2.17) 

The overall energy balance with the assumption of adiabaticity of the 
heat exchanger to the surroundings is finally expressed as 

ṁda,dicp,daTdi + ṁv,di
(
hlv + cp,vTdi

)
+ ṁlclTl

= ṁda,pcp,daTdo + ṁv,p
(
hlv + cp,vTdo

)
+ ṁda,wocp,daTwo + ṁv,wo

(
hlv + cp,vTwo

)

(2.18) 

Within the equation of the overall energy balance, the mass flow rate of 
water vapor at the outlet of the wet channel is given by equation (2.17), 
and from this value, the mass flow rate of consumed liquid water can be 
inferred through equation (2.15). The temperature of the injected liquid 
water can be considered equal to the ambient temperature and thus 
equal to the inlet temperature Tdi. With these assumptions in place, the 
system can be solved numerically to determine the outlet temperature of 
the wet channel and the amount of water consumed. The equivalent 

Fig. 3. M-cycle scheme for global mass and energy balances.
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specific heat of the wet air mixture can be derived from the relationship 

ṁdacp,da + ṁvcp,v = ṁcp,eq (2.19) 

(

ṁda + ṁv

)
ṁdacp,da + ṁvcp,v

ṁda + ṁv
= ṁcp,eqcp,eq =

ṁdacp,da + ṁvcp,v

ṁda + ṁv
(2.20) 

By imposing a set point temperature for the room to be cooled, it is 
possible to calculate the cooling capacity of the M-cycle and determine, 
based on environmental conditions, how much thermal load can be 
absorbed. A quick estimate can be calculated using the relationship 

Q̇cool = ṁpcp,eq,p
(
Troom − Tp

)
(2.21) 

The mass flow rate of the wet air mixture at the outlet of the wet channel 
ṁv,wo is calculated by summing the respective partial flow rates of dry air 
and vapor 

ṁwo = ṁda,wo + ṁv,wo (2.22) 

The volumetric flow rate of the wet air mixture at the outlet of the wet 
channel can thus be calculated as 

V̇wo =
ṁwo

ρwo
(2.23) 

where the density is once again determined using the procedure previ
ously employed for the two preceding calculation stations.

In Table 1 the operating conditions and performance of the M-cycle 
are reported. It is observed that, both in the arid and tropical climates, 
the temperature of the working air exiting the wet channel (Two) exceeds 
the setpoint temperature of the classroom. This supports the decision to 
introduce exhaust air from the classroom into the ventilation channel, 
which is assumed to be at 27 ◦C. The Tdo, on the other hand, consistently 
stays below the room’s setpoint temperature, enabling heat extraction 
through the M-cycle under all climatic conditions.

2.3. Performance analysis

The analysis includes a preliminary assessment of the cooling ca
pacity provided by the M-cycle, comparing it with the thermal load 
generated by the classroom occupants. A more detailed analysis could 
involve all the surfaces of the classroom; however, the aim here is not to 
perform a full energy analysis of the entire building but to calculate the 
differential advantage that the integration of a M-cycle cooling with the 
roof ventilation could offer.

Along with the psychrometric approach, the analysis employs a CFD 
method in which a channel of length Lc = 7.2m, height dc = 0.1m, and 
unit depth was modelled through OpenFOAM CFD software [37]. The 
channel operates with a constant airflow rate, and the resulting air 
outlet temperatures, along with the thermal fluxes entering the structure 
through the ceiling, are determined for different scenarios and M-cycle 
operating conditions. The following subsections outline, respectively, 
the analytical approach used to define the boundary conditions for each 
scenario and the OpenFOAM model employed to calculate the heat 
transferred to the airflow and the ceiling of the classroom.

2.3.1. Definition of the boundary conditions
The cavity outer layer is exposed to a mixed radiative-convective 

condition since incident solar radiation is assumed I = 780 W
m2 and the 

presence of wind (wwind = 1 m
s ) is considered.

This heat transfer boundary condition can be simulated through a 
fully convective condition by considering a single-dimension heat flux 
through the wall and by calculating an equivalent radiative-convective 
heat transfer coefficient (he) as described in ref. [38] and reported in 
Eq. (2.24), along with the calculation of an equivalent undisturbed flow 
temperature referred to as the sol–air temperature (Ts/a) 

Rh,e =
1
he

=
1

hce + hr
=

1
(4 + 4wwind) + ∊σ04T3

me
(2.24) 

where Rs,e is the thermal resistance of the outer slab, hce is the convective 
heat transfer coefficient calculated through the wind speed and hr is the 
radiative heat transfer coefficient calculated through the outer surface 
thermal emittance (∊), the Stefan-Boltzmann constant (σ0 =

5.67⋅10− 8 W
m2K4) and Tme is the thermodynamic mean equivalent tem

perature (in kelvin), which can be estimated according to Eq. (2.25). An 
iterative calculation was therefore applied to Tme to account for the 
variation in Ts,e. 

Tme =
Tsky + Ts,e

2
(2.25) 

An external air temperature (Te) can thus be defined taking into 
consideration the convective heat transfer coefficient calculated through 
Eq. (2.24). 

Te =
hrTsky + hceTa

he
(2.26) 

Tsky is the sky temperature, while Ta is the external air ambient tem
perature (dry bulb), variable according to the simulated climate zones 
reported in Section 2.1.

The equivalent air temperature such as to produce, by convection 
alone, the effect that would be obtained by adding radiation to wind 
convection. In the exposed conditions, the equivalent temperature is the 
already mentioned sol–air temperature and is calculated using Eq. 
(2.27). 

Ts/a = Te +Rh,eαI (2.27) 

According to this calculation, the convective boundary condition can be 
applied to the outer layer external surface by considering an equivalent 
ambient temperature Ts/a and an equivalent convective heat transfer 
coefficient he.

The conduction through the solid outer layer is modelled through a 
conductive heat transfer resistance Rke, as described in equation (2.28), 
which has to be added to Rh,e to obtain the total thermal resistance of the 
outer roof layer. 

Rke =
de

λe
(2.28) 

The inner layer is modelled by creating an equivalent radiative- 
convective thermal resistance between the room and the internal sur
face of the slab (Rh,i), and a conductive resistance (Rki) that operates 
within the slab thickness. In this case, the heat transfer by radiation 
between the surface and the room was neglected. 

Rh,i =
1
hi

where hi = 6
W

m2K
(2.29) 

Rki =
di

λi
(2.30) 

In Fig. 4 is reported the thermal resistance scheme of the solid walls in 

Table 1 
M-cycle operating conditions and performance.

Ta[
◦ C] Ta,wb[

◦ C] Two[
◦ C] Tdo[

◦ C]

Arid 42 21 29.7 18.7
Temperate 37 19 26.9 17.2
Continental 31 20 24.6 19.0
Sub-tropical 33 23 26.0 22.3
Tropical 33 26 28.3 25.3
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the different cavity positions.

2.3.2. OpenFOAM model
The steady-state thermofluid-dynamics simulations were conducted 

using the OpenFOAM solver, buoyantSimpleFoam, a steady-state solver 
for turbulent flow of compressible fluids, validated in ventilation and 
heat-transfer fields. This solver calculates the temperature increase of 
the air as it moves through the channel and determines the heat fluxes 
through the adjacent walls. The computational domain was modelled in 
2D, discretizing the channel along its length and height, with a unitary 
cell depth. Fig. 5 schematically illustrates the boundaries of the 
computational domain, as briefly described below: 

- Inlet: the channel inlet is represented as a fixed value temperature 
and velocity inlet with uniform profile. The fluid inlet velocity (uin) 
was calculated through an average working air volumetric flow rate 
V̇wo and the cross-sectional area of the roof channels spanning 0.1 m 
in height and 6.8 m in width per classroom, for a total of 3 class
rooms. For instance, uin = 0.369 m

s in the cases where the channel is 
ventilated with working air and external air, while uin = 0.225 m

s 
when exhaust air is introduced, since the volumetric flow rates of 
working and exhaust air are respectively 2595 m3

h and 1650 m3

h .

For the exhaust air, the minimum value required by regulations was 
conservatively considered (higher values would improve the perfor
mance of the ventilated roof), acknowledging that when air renewal is 
performed through the product air of the M-cycle, significantly higher 
flow rates are achieved. 

- Outlet: the outlet is represented with a zeroGradient boundary con
dition for both velocity and temperature, as re-entrant flows are not 
considered due to the forced ventilation scenario.

- Outer and inner walls: these patches are defined through the exter
nalWallHeatFluxTemperature boundary condition which applies a 
heat flux condition on an external wall through a fixed freestream 
temperature and a specified convective heat transfer coefficient 
(other options such as fixed heat transfer rate and fixed heat flux are 
available). When the convective condition is selected, it also allows 
the simulation of the surface as a series of thermal resistances by 
specifying the layer thickness and the material thermal conductivity.

The steady-state model represents an approximation of almost- 
steady-state behavior, reasonable for a lightweight roof structure as 
considered. In particular, it is expected that the heat transfer coefficients 
are satisfactorily calculated.

In the absence of an experimental setup replicating the simulated 
model of forced convection, the validation of the solver was carried out 
by referencing similar configurations available in the literature related 
to naturally ventilated pitched roofs, adapting the model to these con
ditions. Specifically, data from Susanti et al. [39] were used, which 
describe a cavity model (4882 mm × 400 mm × 78 mm) heated on its 
upper surface to simulate solar radiation on a roof. The heating is ach
ieved using electric heating plates embedded in the upper structure of 
the cavity along its length. These plates were simulated in the numerical 
model using the flux function of the externalWallHeatFluxTemperature 
boundary condition.

This experimental configuration is particularly relevant since the 
upper surface of the cavity was covered with aluminum foil to reduce 
radiation from the surface. This simplification aligns with the CFD 
model, which does not account for radiative heat transfer. A test con
dition with a heat production of 100 W/m2 was selected, leading to an 
average velocity in the channel of 0.25 m/s, the closest match to the 
numerical model conditions for which sufficient data were available. 
The lower surface of the cavity consists of a 12 mm thick plywood board 
and a 50 mm thick polystyrene foam sheet. These elements were 
accounted for in the model to determine the total conductive resistance, 
and a convective resistance was introduced on the lower surface exposed 
to the environment, assuming hi = 6 W

m2K. The paper does not specify the 
ambient temperature, which could introduce errors in the assessment of 
heat dissipation. However, an ambient temperature of 20 ◦C was 
assumed, as the experimental tests were conducted inside a laboratory.

For validation, the temperature trends of the upper and lower sur
faces of the channel were compared with those reported in Susanti 
et al.’s experiment, as presented in Section 3.1.

3. Results

3.1. CFD model validation

Fig. 6 compares the top and bottom surface temperatures of the 
cavity, showing the overall agreement between numerical and experi
mental results under the conditions described by Susanti et al. The 
calculated top surface temperatures closely match the experimental 

Fig. 4. Equivalent thermal resistance of the cavity at bottom (a) and cavity at top (b) tested configurations.
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values in the final sections of the channel, with deviations generally 
remaining within acceptable limits, averaging below ± 5 %. However, a 
discrepancy is observed between 0.5 m and 2.5 m where this divergence 
may be attributed to localized effects in the experimental setup, such as 
non-uniformities in the heat flux distribution due to the uneven place
ment of heaters (as also stated by the authors). These effects seem to be 
further evidenced by surface temperature fluctuations from the 
midpoint of the channel onward. Since the numerical model assumes a 
uniform heat flux, it may not fully capture these localized variations, 
contributing to the observed differences.

For the bottom surface, deviations are minimal, indicating that the 
model accurately represents the dominant thermal phenomena for this 
surface and provides a reliable estimate of the heat transferred to the 
indoor environment.

3.2. Ventilated roof performance comparison

Fig. 7 reports the results of the equivalent convective heat transfer 
coefficient and the sol–air temperature used as convective boundary 
condition for the outer surface in the OpenFOAM model. The cases are 
described according to the nomenclature A-B-C-D where 15, 10 or 5 refer 

to the insulating material thickness (in cm), 2.5 refers to the woody layer 
thickness, 1.2 to the drywall thickness, 0.1 to the metal sheet thickness 
and a to the position of the channel between the layers.1

The considered solar irradiance leads to equivalent air temperature 
that varies through the different roof configuration according to the 
iteratively calculated external surface temperature (Ts,e), and ranges 
between 52.3 ◦C and 61.8 ◦C with higher values observed in the arid 
climate and in cases with greater insulation thickness, in both the cavity 
at bottom and cavity on top configurations. The convective heat transfer 
coefficient hc and the equivalent radiant coefficient hr almost equally 
contribute to the formation of he, which is nearly constant over the 
tested conditions ranging between 14.1 and 14.5 W

m2K. It is observed that 
for those scenarios where ventilation is realized with external air, the 
subtropical and tropical cases were consolidated into a single category 
due to the same dry-bulb temperature and the minimal variation in 
equivalent specific heat.

The complete dataset is shown in Table A.1 in the Appendix A.
Fig. 8 shows the averages inlet and outlet temperatures of the air in 

the ventilation channel. As highlighted more clearly in Table A.1, only in 
cases with the cavity at bottom configuration operating in continental 
climate (characterized by low ambient temperature and low relative 
humidity) and provided with 15 cm and 10 cm of roof insulation 
(15–2.5-a-1.2 and 10–2.5-a-1.2), the air temperature within the channel 
consistently remain below the room’s setpoint temperature contributing 
to the active cooling of the environment below regardless of the strati
fication of the fluid along the height of the channel.

In the other cases, the average air temperature at the channel outlet 
exceeds the room setpoint temperature (27 ◦C). This suggests that, 
beyond a certain channel length, the bottom surface of the cavity may 
rises above the setpoint, potentially compromising its role in actively 
cooling the room. If we consider, for example, the case of cavity on top 
(0.1-a-15–1.2) ventilated with working air under continental climate 
conditions, the inlet air temperature is 24.6 ◦C, while the average outlet 
temperature reaches 36.5 ◦C. Examining the temperature profiles re
ported in Fig. 9a, the air temperature near the bottom surface of the 
cavity remains below the setpoint up to a length of approximately 4 m 
measured from the channel inlet. As shown in Fig. 9b, the bottom sur
face temperature remains nearly equal to the inlet air temperature for 
the first 2 m, then increases almost linearly, reaching 32 ◦C at the outlet. 

Fig. 5. Schematic representation of the discretized 2D computational domain.

Fig. 6. Comparison between experimental (exp) and numerical (calc) trends of 
the upper (Ttop) and lower (Tbot) surface temperatures of the cavity.

1 E.g. 15–2.5-a-1.2 refers to the configuration cavity at bottom, where 15 cm 
of insulating material face the external environment, followed by 2.5 cm of 
wood, the channel, and 1.2 cm of drywall facing the internal environment.The 
cavity on top configuration is instead represented by all cases starting with 0.1-a- 
xx-2.5, where 0.1 indicates a metal sheet layer, a specifies the channel’s posi
tion below followed by the insulating material (xx thickness) and the wood 
decking.
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The channel length is, therefore, a critical parameter for tuning these 
systems, as reported in previous work by Pedrazzi et al. [31]. Alternative 
strategies, paying in terms of complexity, could involve splitting the 
cooling airflow to introduce fresh air from the midpoint of the channel 
onward. This approach could be effective if temperature stratification 
remains significant. However, halving the flow rate would lead to a 
laminar regime, requiring additional simulations to assess its feasibility 
and effectiveness.

Regarding the calculation of the thermal flux transmitted to the in
door environment, the results are presented in the graphs of Fig. 10, 
where the average heat fluxes (considered positive when directed from 
the cooled environment to the cavity) and ceiling surface temperatures 
are shown for the cases of ventilation with working air in the cavity at 
bottom configuration (a, b) and the cavity on top configuration (c, d). It is 
noted that for arid and tropical climates, exhaust air at Tin = 27◦C was 
used instead of working air. Graphs (e, f) contain the results for the 
baseline configuration with the channel ventilated using external air at 

ambient temperature, while the following paragraphs provide insights 
into the cavity positioning and the chosen ventilation strategy.

Impact of cavity position
The impact of the cavity position confirms the results obtained in 

previous work [31] where a direct evaporative cooler was used. When 
the cavity is placed at bottom (e.g., 15–2.5-a-1.2), the insulation mate
rial directly facing the external environment significantly reduce heat 
transferr, and the thermal gradient experienced by the airflow is on 
average below 4 ◦C. Under these conditions, stratification plays a sec
ondary role and this setup likely results in lower ceiling temperatures 
and heat flux into the room compared to the cavity on top configurations 
(0.1-a-xx-2.5), where the presence of the metal sheet at the top increases 
the heat flux, which is not totally offset by the airflow. In this last 
condition, in fact, the average thermal gradient experienced by the air is 
around 25 ◦C, as shown in Fig. 9a, and the stratification, which tends to 
dissipate from the midpoint of the channel onward, influences the result 
as usually happens in naturally ventilated pitched roofs.

Fig. 7. Calculated values of the sol/air temperature and of the equivalent heat transfer coefficient based on the different climates and different rooftop 
configurations.

Fig. 8. Ventilated roof inlet (Tc,in) and outlet (Tc,out) temperatures at different scenarios. For convenience, the temperature difference (ΔTc) is also reported.
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In optimal M-cycle operating conditions, particularly in a continental 
and sub-tropical climates, relocating the cavity to the bottom results in a 
thermal flux reduction of two orders of magnitude with the ceiling that 
acts as a radiant cooling surface, effectively removing heat from the 
classroom. As a secondary effect, having a low ceiling temperature re
duces the so-called “hot head effect” (i.e., the discomfort perceived 
when the head is warmed by a hot ceiling surface through far-infrared 
radiation), thereby improving overall thermal comfort.

Considering the total roof surface area of the three classrooms, this 
translates into a reduction in the heat transfer rate to the indoor envi
ronment of 637 W, 624 W, and 578 W for insulation thicknesses of 15 
cm, 10 cm, and 5 cm, respectively. Similar reductions are observed in a 
subtropical climate, with an average decrease of around 270 W. In other 
climatic conditions, the reduction in total transmitted thermal power 
averages around 66 W.

From another perspective, the cavity at bottom configuration with 
only 5 cm of insulating material (5–2.5-a-1.2) outperforms the cavity on 
top configuration with 15 cm of insulation (0.1-a-15–2.5). This suggests 
alternative strategies to heavy insulation, particularly for buildings 
operating in mild winter conditions.

Impact of ventilation strategies
When comparing the cavity on top configuration ventilated with 

working or exhaust air versus external air (Fig. 10 (c) and (e)), the re
sults, as expected, clearly favor the use of working or exhaust air. The 
total thermal power transferred to the indoor environment reaches a 
peak of 1045 W in an arid climate with 5 cm of insulation (0.1-a-5–2.5) 
and ventilation using external air at ambient (42 ◦C) temperature. In the 
same scenario, ventilating with exhaust air results in a 68 % reduction in 
heat flux, corresponding to a decrease of 710 W. The reduction remains 
significant across all other cases as well. The thermal flux achieved with 
the cavity on top configuration ventilated with exhaust air and 5 cm of 
insulation (0.1-a-5–2.5 in Fig. 10c) is comparable to that obtained by 
ventilating the cavity on top with external air and 15 cm of insulation 
(0.1-a-15–2.5 in Fig. 10e). In the analysed cases, simply recovering and 
reusing the exhaust air from the room would allow for a two-thirds 
reduction in insulation material, resulting in a roof that can benefits 
more effectively from nighttime cooling.

3.3. Cooling capacity assessment and efficiency gains from M-cycle and 
ventilated roof integration

For the presented case study, with a floor area of approximately 50 
m2, regulations indicate a maximum occupancy of 22 people, resulting 
in a metabolic heat load of about 2.8 kW. The required ventilation 
airflow, as per the relevant standards, is approximately 550 m3/h. 
However, the product air flow generated by the M-cycle can handle 
significantly higher airflows. Specifically, considering a product air flow 
rate of 3546 m3/h, the available airflow per classroom is increased to 
1182 m3/h, in order to enhance the cooling capacity for each environ
ment. Under these conditions, the cooling capacity (Q̇cool) reported in 
Table 2 varies significantly depending on the considered climate, 
ranging from a minimum of 2 kW in tropical climates to a maximum of 
11.8 kW in continental climates. It can be observed that, excluding 
tropical and sub-tropical climates, where high humidity levels in the air 
lowers the performance of evaporative cooling systems, the selected M- 
cycle machine can handle the metabolic heat load (Q̇met) generated by 
fully occupied classrooms with a surplus of 40 % in the case of a con
tinental climate (see the Q̇cool

Q̇ met ratio in Table 2).

Assuming a constant electrical power consumption ofL̇e = 1800 W 
for the M-cycle cooler, operating under maximum pressure drop con
ditions and with energy entirely used by the fans processing both 
product and working air, the EER of the M-cycle cooler can be calculated 
as EER =

Q̇cool
L̇e 

and the results are reported in Table 2 according to the 
different climatic conditions. The results show that the EER varies be
tween 1.1 and 6.5, confirming that this solution is not optimal for 
tropical climates, where exhaust air was, in fact, chosen to ventilate the 
cavity. On the other hand, in arid climates the EER is high but the 
temperature of the working air exceeds the room setpoint (see Table 1), 
making it unsuitable for cavity ventilation, which was therefore ach
ieved again with exhaust air. In these two cases, however, the possibility 
of using the working air (colder than the ambient) to cool the condenser 
of the VCR system would lead to an increase of its EER.

When operating in temperate, continental, or subtropical climates 
and combining the M-cycle cooler with a ventilated roof, the possibility 

Fig. 9. Representation of the temperature profiles on the channel section at different distances from the inlet (a) and representation of the trend of the lower surface 
temperature of the ventilated cavity (b) for the case (0.1-a-15–1.2) ventilated with working air in continental climate.
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Fig. 10. Heat flux and average ceiling temperature for each tested configuration.
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of recovering the working air allows for an estimation of a combined 
EER. This is obtained by summing the sensible cooling effect from using 
the product air for room ventilation with the reduction of external heat 
gain due to cavity ventilation with working air.

By comparing identical roof stratigraphy, replacing external air with 
working air in the cavity-on-top configuration results in a reduction of 
the thermal power transmitted through the roof, ranging from 150 W to 
572 W for the total roof surface area of the three considered classrooms.

Fig. 11 reports the reduction in thermal power achieved with this 
technological solution for different insulation thicknesses, highlighting 
an increasing benefit when ventilating the roof with working air as the 
insulation thickness decreases.

Focusing on the less insulated tested roof (0.1-a-5–2.5) and summing 
the reduction in transmitted thermal power with the cooling contribu
tion provided by the product air used for ventilation, the combined EER 
increases by 7.1 %, 3.8 %, and 4.9 % compared to the EER of the M-cycle 
cooler alone, for subtropical, continental, and temperate climates, 
respectively.

4. Conclusions

This study presents a preliminary analysis of the coupling between 
an M-cycle evaporative cooler and a ventilated roof to enhance both 
energy efficiency and indoor thermal comfort, considering the necessary 
requirements for school buildings. It has been demonstrated that the 
product air from the M-cycle not only ensures proper air exchange but 
also contributes to cooling the indoor environment, effectively reducing 
the thermal load on VCR systems. However, it is important to note that 
the EER value is strongly dependent on climatic conditions, with the 
minimum value being 1.1 in tropical climates, where the application of 

this solution does not seem to be feasible.
In this regard, an extension of the EER of the M-cycle has been 

proposed, also accounting for the reduced solar gain due to the use of the 
working air to ventilate the cavity. In subtropical continental and 
temperate climates, a cooling capacity increase ranging from 3.8 % to 
7.1 % is achieved, contributing to an equivalent increase in the EER.

The impact of cavity positioning in these forced ventilated roofs is 
also significant, with the cavity at bottom outperforming the cavity on 
top in terms of heat transfer reduction, maintaining a low thermal 
gradient of the air (perpendicular to the airflow direction) of around 
4 ◦C, compared to the top cavity, where the thermal gradient reaches up 
to 25 ◦C and buoyant stratification becomes crucial. The cavity at bot
tom configuration achieves in fact heat flux reductions of two orders of 
magnitude in continental and subtropical climates and one order of 
magnitude in other climates.

The study also highlights the effectiveness of ventilation strategies, 
especially when using exhaust or working air to ventilate the cavity. In 
an arid climate with 5 cm of insulation, ventilating through the exhaust 
air reduces the thermal flux by two-thirds compared to using ambient air 
at 42 ◦C. In tropical climates, the reduction is 45 %, and in temperate 
climates, it can reach up to 94 %. The bottom cavity configuration with 
only 5 cm of insulation achieves comparable thermal performance to a 
top cavity configuration with 15 cm of insulation, showcasing the po
tential for reducing insulation needs while enhancing cooling perfor
mance and thermal comfort.

5. Future works

The work carried out so far provides general guidelines on the 
integration of an M-cycle in a building with the goal of using waste 
humid air to ventilate a horizontal roof. The school environment was 
referenced in order to set some boundary conditions through the use of 
regulations, however, this approach can be extended to any similar civil 
or industrial application.

It is also important to underline that the steady-state model can be a 
strong approximation in certain conditions, whereas a more detailed and 
accurate analysis could certainly be carried out through the imple
mentation of a dynamic simulation. This recommendation for future 
work would allow for the investigation of more massive roofs with 
different stratigraphies than those studied so far, broadening the range 
of case studies. Furthermore, the consideration of using a VCR to 
maintain a fixed room setpoint temperature simplified the calculations 
but shifts the focus to the operating conditions of the VCR, which should 
be investigated in terms of seasonal average EER with dynamic analysis.

This approach would allow a detailed economic analysis that should 
be used to evaluate the instantaneous cooling cost for both the VCR and 
the M-cycle. For the latter, it is thus essential to consider not average 
conditions divided by climate zones but hourly conditions, assessing the 
variation of dry and wet bulb temperature throughout the day.
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Appendix A 

A.1. Simulation results and dataset

.

Table A.1 
Dataset of the results.

Roof configuration Climate zone Tsol
air

[◦C]
he

[
W
m2

]
Tc,in 
[◦C]

Tc,out 
[◦C]

ΔTc [◦C]
q̇
[

W
m2

]

15–2.5-a-1.2 Arid 61.17 14.54 27.0 28.4 1.4 − 0.67
Temperate 58.64 14.45 26.9 27.8 0.9 − 0.27
Continental 55.53 14.35 24.6 26.2 1.6 4.28
Sub-tropical 56.57 14.38 26.0 27.2 1.2 1.53
Tropical 56.58 14.37 27.0 28.2 1.2 − 0.58

10–2.5-a-1.2 Arid 53.55 14.4 27.0 28.6 1.6 − 0.74
Temperate 53.55 14.3 26.9 28.0 1.1 − 0.35
Continental 52.25 14.2 24.6 26.5 1.9 4.16
Sub-tropical 53.05 14.2 26.0 27.4 1.4 1.42
Tropical 53.55 14.2 27.0 28.6 1.6 − 0.74

5–2.5-a-1.2 Arid 53.65 14.4 27.0 29.6 2.6 − 1.28
Temperate 53.55 14.3 26.9 28.8 1.8 − 0.74
Continental 52.35 14.2 24.6 27.3 2.6 3.77
Sub-tropical 53.05 14.2 26.0 28.2 2.1 1.03
Tropical 53.65 14.2 27.0 29.6 2.6 − 1.28

0.1-a-15–2.5 Arid 61.75 14.31 27.0 43.2 16.2 − 0.94
Temperate 59.22 14.2 26.9 39.1 12.2 − 0.48
Continental 56.03 14.12 24.6 36.5 11.9 − 0.06
Sub-tropical 57.09 14.15 26.0 37.7 11.7 − 0.30
Tropical 56.98 14.2 27.0 40.8 13.8 − 0.78

0.1-a-10–2.5 Arid 61.65 14.4 27.0 43.1 16.1 − 1.33
Temperate 59.15 14.3 26.9 39.0 12.1 − 0.69
Continental 55.95 14.2 24.6 36.4 11.8 − 0.09
Sub-tropical 56.95 14.2 26.0 37.7 11.6 − 0.43
Tropical 56.95 14.2 27.0 40.7 13.7 − 1.11

0.1-a-5–2.5 Arid 61.65 14.4 27.0 42.8 15.8 − 2.28
Temperate 59.15 14.3 26.9 38.9 12.0 − 1.20
Continental 55.95 14.2 24.6 36.4 11.8 − 0.16
Sub-tropical 56.95 14.2 26.0 37.6 11.6 − 0.75
Tropical 56.95 14.2 27.0 40.5 13.5 − 1.89

0.1-a-15–2.5 Arid 61.25 14.5 42.0 49.2 7.2 − 2.94
Temperate 58.75 14.4 37.0 45.2 8.2 − 2.10
Continental 55.65 14.3 31.0 40.3 9.3 − 1.08
Sub-tropical/Tropical 56.75 14.3 33.0 42.0 9.0 − 1.42

0.1-a-10–2.5 Arid 61.25 14.5 42.0 49.0 7.0 − 4.16
Temperate 58.75 14.4 37.0 45.0 8.0 − 2.97
Continental 55.65 14.3 31.0 40.3 9.3 − 1.54
Sub-tropical/Tropical 56.75 14.3 33.0 41.9 8.9 − 2.02

0.1-a-5–2.5 Arid 61.25 14.5 42.0 48.5 6.5 − 7.11
Temperate 58.75 14.4 37.0 44.7 7.7 − 5.09
Continental 55.65 14.3 31.0 40.1 9.1 − 2.64
Sub-tropical/Tropical 56.75 14.3 33.0 41.6 8.6 − 3.46

A.2. Energy balance of the CFD model

Fig. A.1 Shows the result of the heat transfer rate balance for the ventilated channel system obtained from the simulations using OpenFOAM. The 
deviations are on average 1 %, with maximum peaks of up to 4 %. The graph shows the lines at ±5 %. 
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Fig. A.1. Thermal power entering and leaving the computational domain.

Data availability

Data will be made available on request.
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