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H I G H L I G H T S  

• A numerical building validation enhancement strategy was conducted on a lightweight building. 
• Evidence-based data were collected from 3 in-situ building measurements. 
• The impact of building parameters on the accuracy of the energy model is studied. 
• The energy use of the lightweight construction with the VRF system was assessed in 12 Moroccan regions.  
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A B S T R A C T   

This paper presents a framework for numerical building validation enhancement based on 
detailed building specifications from in-situ measurements and evidence-based validation 
assessment undertaken on a detached sustainable lightweight building in a semi-arid climate. The 
validation process has been undergone in a set of controlled experiments – a free-float period, and 
steady-state internal temperatures. The validation was conducted for a complete year with a 1- 
min time step for the hourly indoor temperature and the variable refrigerant flow (VRF) en
ergy consumption. The initial baseline model was improved by three series of validation steps per 
three different field measurements including thermal transmittance, glazing thermal and optical 
properties, and airtightness. Then, the accurate and validated model was used for building energy 
efficiency assessment in 12 regions of Morocco. This study aims to assess the effect of accurate 
building characteristics values on the numerical model enhancement. The initial CV(RMSE) and 
NMBE have improved respectively from 14.58 % and − 11.23 %–7.85 % and 1.86 % for the indoor 
temperature. Besides, from 31.17 % to 14.37 %–20.57 % and 9.77 % for energy consumption. The 
findings demonstrate that the lightweight construction with the use of a variable refrigerant flow 
system could be energy efficient in the southern regions of Morocco.  
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Nomenclature 

ECM Energy conservation measures 
BES Building energy simulation 
HVAC Heating, Ventilation, and air conditioning 
ASHRAE American Society of Heating, Refrigerating, and Air Conditioning Engineers 
RMSE Root Mean Square Error 
CV(RMSE) Coefficient of Variation of RMSE 
NMBE Normalized Mean Bias Error 
BEM Building Energy Model 
IPMVP International Performance Measurement and Verification Protocol 
FEMP Federal Energy Management Program 
ACH Air change per hour 
VRF Variable Refrigerant Flow 
OSB Oriented Strand Board 
XPS Extruded Polystyrene Foam 
COP Coefficient of performance 
EER Energy Efficiency Ratio 
HFM Heat Flow Meter 
SHGC Solar Heat Gain Coefficient 
VLT Visible Light Transmission 
y The arithmetic Mean of the sample of n observations 
ŷ Regression model’s predicted value of y  

1. Introduction 

Buildings account for over one-third of the global energy consumption and 40 % of the global CO2 emissions, making them one of 
the key sectors influencing energy use and greenhouse gas emissions [1]. Buildings consume approximately 80 % of the total energy 
used during building operation to ensure indoor comfort temperatures [2]. Therefore, integrating Energy Conservation Measures 
(ECM) in office buildings can save 30 % of the thermal energy and 13 % of the electrical energy required for regular operation [3]. 
Building Energy Simulation (BES) is widely used as a decision tool to assist building professionals in the design phase by integrating 
Heating, Ventilation, and Air Conditioning (HVAC) systems specifications, PV properties, and building envelope characteristics. This 
contributes to a better understanding of building behavior concerning the capacity for energy production and consumption as well as 
indoor thermal comfort. Therefore, BES was successfully adopted in the building sector due to its various benefits, such as evaluating 
energy systems’ performance without recurring experimental measurements and setups. This technique helps also in studying the 
enormous ECM before being implemented in real buildings at very low costs and without consuming much time compared with 
traditional tools for improving the building energy efficiency. Furthermore, the BES validation is used as the basis for numerous 
research fields including the prediction of energy use and demand [4–6], application of predictive model control approaches [7,8], 
development of passive building strategies [9] and the integration of phase change materials in buildings [10,11] or even the 
application of predictive maintenance strategies for the building energy systems [12,13], as they all need building validation. How
ever, despite the useful pros of BES, it is crucial to consider the minor inconveniences of this technique related to the accuracy of the 
virtual reproduction of real buildings. This is generally due to the discrepancies and divergencies between measured and simulated 
results. Many studies in the literature have addressed this issue by detecting differences between simulated and measured results 
[14–17]. As a result, a building energy model’s consistency depends on how closely the simulation results match actual observed data, 
which is in turn dependent on how reliable the input data is [16]. The accuracy of the predicted and generated data is then enhanced 
using energy model calibration in comparison to the actual measured data. Generally speaking, two factors affect the accuracy of 
output data which are the inaccurate input data, such as the thermal properties of building envelope materials, and the simplicity of the 
building energy model including its energy systems specifications, and HVAC systems schedules [18]. According to ASHRAE Guide
lines 14 [19], calibration is defined as a technique that serves to decrease the uncertainty of the predicted or simulated output of the 

Table 1 
Acceptable margins for validating building energy models.  

Calibration Interval Indices ASHRAE Guide 14 [19] IMPVP [20] FEMP [21] 

Monthly NMBE Monthly ±5% 20 % 5 %  
CV(RMSE) Monthly 15 % – 15 % 

Hourly NMBE Hourly ±10 % 5 % 10 %  
CV(RMSE) Hourly 30 % 20 % 30 %  
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model by comparing this predicted data with the real measured data under the same circumstances. The accuracy is measured ac
cording to some uncertainty indices, such as CV(RMSE) and NMBE statistical indices (Table 1) given by ASHRAE Guide 14 [19], IPMVP 
[20] and FEMP [21]. 

Coakley et al. have reviewed in their study [22] the main existing approaches for the development of a BEM calibration framework. 
These approaches could be generally classified either among automated or manual-based calibration techniques. The automated-based 
calibration methods depend on developing a mathematical and statistical program that automatically applies the model calibration. 
The manual-based calibration approaches are the traditional calibration methods used by applying manual iterative BEMs based on 
expert knowledge by changing building parameters. One of the most popular techniques for automated BEM calibration is the 
optimization-based calibration technique [23–30]. Finding the output simulation that matches the actual observed data the best and 
most closely is the aim of optimization techniques. The objective functions of the calibration statistical indices are minimized to 
achieve calibration optimization. The ability of the optimization-based methodologies to examine all BEM scenarios based on changes 
in the building’s relative factors and building energy system requirements has demonstrated their reliability. Even with their many 
benefits, these strategies nonetheless have drawbacks that should be seriously taken into consideration before their application. The 
deployment of optimization-based strategies is costly as well as time-consuming. Depending on the BEM simulation’s chosen timestep, 
it can take several hours or days to establish the simulation of the optimization programs. Moreover, the simulations need to be run on 
advanced expensive workstations. Furthermore, the results obtained from the automated-based methods are mathematically and 
statistically correct since they respect the mathematical program developed. Hence, in reality, they could not always match the 
existing physics of the building. Therefore, manual-based calibration approaches and evidence-based calibration approaches are very 
common and up to date are still widely used in the literature [31–33]. 

Moreover, one of the most crucial factors in the BEM validation process is the calibration period. The majority of the conducted 
research has focused on applying the calibration method for brief times like days, weeks, or even single months [34–38]. However, 
only a few researchers [39,40] have opted to carry out the calibration process on an entire calendar year of data. The time step of the 
BEM simulation is also essential for obtaining accurate results. As a result, decreasing the time step increases the accuracy of the 
simulation results. Nearly all studies, including those conducted by Pachano et al. [41] and Sakiyama et al. [42] have used a 10-min 
time step to increase accuracy and shorten simulation times. Whereas, others like Cacabelos et al. [43] and Dong et al. [44] have used a 
5-min time step. So, in general, the majority of researchers are working with BEM simulation timesteps between one and 10 min, based 
on the recommendation of EnergyPlus’s guidelines [45]. Furthermore, the envelope characteristics are also crucial factors that affect 
the BEM simulation results. According to the literature [46], the most common parameters that cause differences between measured 
and real values are the thermal conductivities of the building’s opaque and glazing materials, as well as the building’s airtightness 
along with the performance curves of the HVAC systems. So, measuring the real values of each building’s parameter is important. For 
instance, the thermal transmittance varies by several factors including the material’s operating years. Weather circumstances have an 
impact as well; a material’s thermal transmittance will vary if it is exposed to too much rain or sun. Besides, the U-value is impacted by 
post-occupancy as well as the maintenance level. As a result, after a few years of use, the initial value of the thermal transmittance of 
materials should be confirmed. Furthermore, building infiltration is also another important factor that influences the BEM results. 
Thus, Ascione et al. [47], have supposed a fixed value of 0.3 ACH for the infiltration. Whereas, Mastouri et al. [48] have used a fixed 
value of 0.5 ACH, which respects the allowable ranges of infiltration that affect the indoor thermal comfort level according to ASHRAE 
62.1 [49] and ASHRAE 62.2 [50]. In that sense, none of the aforementioned researchers has performed an experimental study to 
confirm the actual values of the building envelope’s thermal transmittance, glazing properties, and airtightness values. They have 
focused directly on the calibration based on sensitivity analysis [51]. Otherwise, a limited number of studies have used a blower door 
test to confirm the airtightness of their buildings, even though building infiltration is another important factor that influences the BEM 
results. 

Therefore, the main aim of this paper is to develop a detailed and comprehensive building evidence-based validation strategy based 
on experimental measurements of the key building parameters that affect the BES results, for uncommon existing building con
struction, the lightweight construction with VRF heat pump system located in the semi-arid climate of Morocco. The input parameters 
of the BEM are extracted from experimental setups conducted for the thermal transmittance and conductivity of the building envelope, 
the glazing thermal and optical windows properties, and finally, the building airtightness based on a blower door test. Furthermore, an 
energy evaluation was carried out on the validated model in 12 Moroccan regions, to assess the energy efficiency of the lightweight 
construction in different climate zones. Hence, to fill in the major gaps found in the literature, the novelty of the conducted study relies 
on addressing the following issues;  

• Due to the rarity of extended periods of building validation in the literature, the proposed study is based on a full year of data. The 
calibration was conducted on hourly VRF energy consumption during cooling and heating periods as well as hourly indoor air 
temperature data for each month according to ASHRAE Guide 14 tolerances.  

• As the suggested timesteps for developing simulations are less than 10 min, the minimum time step allowed for the BEM simulation, 
which is a 1-min timestep, is used to have the highest level of model accuracy and precision. Controversy to literature studies which 
use 5–10 min timestep.  

• The gap in the literature where authors develop their BEMs purely based on technical surveys as well as numerical assumptions 
without carrying out experimental setups served as the motivation for this research. The developed methodology is based on three 
sets of in-situ and laboratory experimental tests for the creation and validation of the BEM.  

• Due to the lack of literature on experimental studies on lightweight constructions in semi-arid climate. Especially the lack of studies 
on lightweight real building cases with VRF systems, that can be used as data for building numerical validations. Therefore, this 
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evidence-based methodology is conducted in the semi-arid environment of Morocco to expand the validation methods applied in 
such construction and climate, which will provide researchers with enormous data for numerical validations in this field. 

The rest of this paper is organized as follows; Section 2 presents and explains the developed methodology including the building 
description, the data collection procedure, meteorological data measurement as well as the numerical model development, 
enhancement, and evaluation. Section 3 provides an overview of the main findings and discussions obtained from the proposed 
methodology. Section 4 provides an overall overview on the potential building improvement in Morocco. Section 5 summarizes the 
main conclusions of the conducted study as well as a depth insight into future work and perspectives along with the main recom
mendations deducted from the paper. 

2. Methodology 

2.1. Building description 

The building utilized in this research (Fig. 1) is a brand-new building constructed in 2019 with a northwest-facing orientation. The 
structure is situated in Benguerir city in Morocco in the Research & Development platform of Green and Smart Building Park (GSBP). It 
is a two-story structure with a 3 m-high ceiling and a 92 m2 total gross roof space (Fig. 2). The building is a sustainable lightweight 
construction mainly built from wood. As presented in Table 2, the building is insulated with extruded polystyrene foam (XPS), acrylic, 
and roof waterproofing. The choice of the case study building was based on the building construction type naming lightweight 
construction, which an is unusual construction type in Morocco. As well as the energy system technology existing in the building. This 
study evaluates two crucial rooms among the thermal zones existing in the building. Therefore, the building is equipped with two 
temperature sensors located in rooms 1 & 2. Room 1 is positioned eastward as opposed to room 2, which is facing west. As a result, 
room 1 receives direct solar radiation in the morning. However, room 2 is protected from the sun’s rays in the evenings, by a nearby 
structure. In addition, room 1 is beneath the first floor as opposed to room 2, which is situated beneath a terrace in a protruding corner 
of the building. Thus, room 1 experiences greater temperature changes than room 2. 

To cover the heating and cooling needs, the building is equipped with a VRF heat pump system. It is a multi-zone direct expansion 
heating and cooling system containing one single outdoor unit, that supplies several indoor units with small refrigeration tubes. Indoor 
heat pump units provide hot or cold air using steam compression cycle technology. In cooling mode, the air is drawn into and recycled 
in the conditioned zone where each unit is located. The function of the compressor/condenser unit is to reject heat outdoors (cooling 
period) or to absorb heat indoors (heating period). GREE’s GMV-140WL/C-T was used as the VRF heat pump system for the studied 
building. With an energy efficiency ratio (EER) of 3.9 and a coefficient of performance (COP) of 4.18. This system has a cooling ca
pacity of 14 kW and a heating capacity of 16.5 kW. The conceptual diagram of the building VRF system is shown in Fig. 3. 

Regarding the occupancy schedule, from April through October, 5 individuals were occupying the building. The time frame for 
occupancy is from 9:00 a.m. to 6:00 p.m. During this time, the building’s occupants operated it as an office, turning on the HVAC 
system for cooling during the first halves of April and May and for heating during the first half of September. The only month the HVAC 
system ran continuously was October. The building was then vacant from November until the end of the year, and the HVAC system 
was left in the OFF setting the entire time. 

In the aim of this study, the considered building was monitored for the whole year of 2021. Then, evidence-based data were 
collected from several in-situ measurements based on a developed sensitivity analysis conducted on the cooling and heating energy 
consumption. These measurements include thermal conductivity, optical and thermal glazing properties as well as building 
airtightness. Afterward, three numerical models were developed. Each model will be fed by each evidence-based data category to 
assess the impact of each building parameter on the accuracy of the base model results. Then, a verification of the developed models 
was conducted in Room 2. Finally, an energy evaluation of the lightweight building using the VRF system was assessed in all the 
regions and climatic zones of Morocco, using the validated model (Fig. 4). 

Fig. 1. External view of the studied building.  

N. Es-sakali et al.                                                                                                                                                                                                      



Case Studies in Thermal Engineering 51 (2023) 103606

5

2.2. Evidence-based data collection 

The choice of the measured and tested parameters was based on a sensitivity analysis conducted on the cooling and heating energy 
consumption. The sensitivity analysis presented in Fig. 5 was conducted to detect the building parameters that have the highest in
fluence on the cooling and heating energy consumption. Therefore, these influencing parameters affect also the accuracy of the 
developed BEM. Thus, before the development of the proposed BEM, it is crucial to conduct a sensitivity analysis with the aim of 
choosing the building parameters that should be measured, tested, and verified to improve the accuracy of the numerical model. The 
sensitivity analysis findings have proved that rather than the cooling and heating setpoint temperatures, the infiltration rate, the 
SHGC, and the thermal conductivity are the most influencing parameters that need to be measured carefully. 

2.2.1. In-situ thermal conductivity measurement 
The building dimensions, construction, and insulation materials were collected from the building design specifications. The 

building thermal transmittance was measured using two different methods, the first measurement was conducted using GreenTEG 
logger device, while the second measurement was conducted using HFM 446 lambda. These two measurement results are compared to 
the theoretical values to determine the thermal transmittance values that were accurately measured. At the first level, the thermal 

Fig. 2. Studied building plans.  

Table 2 
Description of the building insulation materials.   

Thickness (mm) Conductivity (W/m.K) Application-level 

XPS Polystyrene 40 0.034 Walls, roofs & floors 
Acrylic 50 0.037 Walls & Ceiling 
Cool roofing 1.5 0.026 Roof  

Fig. 3. Conceptual VRF system diagram.  
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conductivity of the construction and insulation materials was verified using the GreenTEG logger heat flow meter as shown in Fig. 6. 
The measurement of U-value using this device respects the regulations of ISO9869–1:2014 [52]. Thus, the data acquisition interval was 
10 min to meet the regulation. The U-value test measurement was undertaken for 72 h for each test. The location of the heat flux was 
chosen at a considerable distance from thermal bridges and the HVAC system’s direct air supply grills. During the test measurement, a 
specific shadow was cast around the outside temperature sensor to shield it from direct sunlight. Besides, four in-situ thermal con
ductivity measurements were conducted on the external wall of the building. Then, the average of these measurements was compared 
to the theoretical values. 

Fig. 4. Proposed methodology.  

Fig. 5. Sensitivity analysis; (a) for cooling energy use and (b) for heating energy use.  

Fig. 6. Thermal transmittance measurement; (a) Experimental Setup, (b) Data logger measurement.  
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Moreover, using the HFM 446 Lambda device, the second test of thermal conductivity was conducted on all building construction 
layers. The thermal conductivity measurement using this device is based on many regulations including ASTM C518 [53], ISO 8301 
[54], DIN EN 12664 [55], and DIN EN 12667 [56]. Three tests were undertaken for each of the construction materials including OSB 
wood, Polystyrene XPS insulation, and acrylic insulation as presented in Fig. 7. 

2.2.2. Glass characterization measurement 
The glazing is subject to degradation by many factors including extreme temperature and pressure fluctuations, exposure to Oxygen 

and Ozone as well and sunlight exposure [57]. Therefore, understanding the link between thermal performance and deterioration will 
help to enhance BEM and energy estimation, allowing the maximization of lifetime efficiency and more effectively managing retrofit 
needs. Thus, the SHGC was measured and compared with the manufacturer’s values in this study to assess its condition and perfor
mance after the period of use (4 years). This evaluation aimed to determine whether the glazing had experienced any degradation over 
time. Therefore, the type of glass used in the building windows was detected using the Glass Check PRO model CG3001(Fig. 8). This 
device helps to detect the type of glazing either single, double, or triple-pane windows. It also helps in measuring the thickness of each 
layer including the space gap. Furthermore, the device allows the detection of the presence, the location, and the type of invisible 
Low-E coatings [58]. The measurement was applied to all the building windows and the glass doors. 

Moreover, the optical properties of window glazing were detected using a Window Energy Profiler device model WP4500. This 
device helps with testing and measuring the ultraviolet transmission, near-infrared transmission, VLT, and the estimation of SHGC for 
transparent low-E or clear glazing [59,60]. The window energy profiler was used several times for all the building windows and glass 
doors, as shown in Fig. 9. 

2.2.3. Blower door test – infiltration measurement 
Infiltration is an important part of the building energy budget and was measured directly by the blower door test shown in Fig. 10. 

During this test, the VRF system was turned off and all its supply and exhaust grilles were closed. Then, a pressure of 50 Pa was fixed, 
rather than the volume of air changed under normal conditions. The results of the measured air change per hour under 50Pa were 
converted to normalized air change per hour using equation (1): 

ACHAtmospheric ≈
ACH50

F
(1) 

Knowing that F factor relates the air change per hour under typical conditions (ACH Atmospheric) to air change per hour under 50 Pa 
(ACH50). The methodology of ACH calculation, developed by M. Royapoor et al. [61], was used in our study to calculate the 
normalized air change per hour. 

2.3. Meteorological data measurement 

The meteorological weather specifications, shown in Table 3, were extracted from a local weather station (Fig. 11) located on-site 
near the building in the Green Energy Park research platform. The resulting weather data were in EnergyPlus weather file format (. 
epw) with 1-min intervals. The data recorded from the weather station include air dry bulb temperature, air wet bulb temperature, 
atmospheric pressure, relative air humidity, dew point temperature, global solar irradiation, normal solar irradiation, diffuse solar 
irradiation, wind speed, and rainfall. Further and detailed information about the local weather station is described by Azouzoute et al. 
[62] and Abraim et al. [63]. 

2.4. Numerical model description 

In this paper, the boundary conditions, including thermal zones and space types, along with the building geometry are defined 
using the OpenStudio 3.2.1 engine (compatible with EnergyPlus 9.5.0). The first step of the building energy model is the creation of the 
building geometry (Fig. 12) according to the building plans. The input parameters of the numerical base model were extracted from the 
building technical documentation. Table 4, presents the distribution of construction and insulation layers of each building component 
starting from the outer to the inner layer. Thermal conductivity, density, specific heat capacity as well and the theoretically calculated 
U-Value, were the thermal input parameters of the base model for the BEM along with glazing specifications presented in Table 5. The 
theoretical U-value of the opaque building construction materials was calculated according to ISO6946 [64] regulation taking into 

Fig. 7. Thermal conductivity measurement. (a): HFM 446 Lambda /(b): Wall composition.  
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Fig. 8. Glazing type measurement.  

Fig. 9. Optical glazing properties measurement.  

Fig. 10. Blower door test setup.  
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consideration the superficial resistances of the interior and the exterior according to horizontal and vertical walls. Besides, the 
infiltration level of the base model was set to 0.5 ACH as advised by the ASHRAE handbook [65]. Moreover, the external shading was 
considered as well in the developed BEMs. The building’s north and south façades are exposed to nearby shadowing coming from trees 
and vegetation. Whereas, in the west and southwest building façade, there exists a neighboring building creating high shading for the 
building and especially for room 2. Moreover, the external shading in the east facades is neglected due to the distance between the 
building and the neighboring constructions which do not expose any shading in this facade. 

Furthermore, the building is divided into 5 thermal zones served by a VRF system. For cooling and heating temperature setpoints, 
the used ranges are 24 ◦C–26 ◦C for cooling and 18 ◦C–20 ◦C for heating according to the Moroccan Thermal Regulation for Con
structions [66]. Additionally, the VRF performance curves are crucial factors that must be taken into consideration during the creation 
of BEM. Since it depends on many factors including outdoor and indoor temperatures, outdoor unit total capacity, indoor unit total 
power input as well and refrigerant pipeline length corrections. As a result, using tabular data taken from the manufacturer’s data
sheet, 20 VRF performance curves were calculated [67,68]. The calculations have followed the methodology developed by Raustad et 

Table 3 
Weather data.  

Weather file Ben Guerir Marrakech-Safi Morocco GEP_Station 

Latitude 32.22 
Longitude − 7.9 
Elevation 475 m 
Time zone 1.00 
North Axis Angle − 45.0  

Fig. 11. Local weather station.  

Fig. 12. OpenStudio 3D model of the case study building.  
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all [69]. Table 6 summarizes all the performance curves of outdoor and indoor units along with their coefficients. 

2.5. Numerical model improvement process & evaluation 

The main aim of this research is to create an easy, feasible, and precise strategy for evidence-based building energy model vali
dations, that can be used by researchers as a basis by providing enormous data for building validation using lightweight building 
constructions with the use of VRF systems, especially in the semi-arid climate. This methodology takes the advantage of using accurate 
input data for the BEM which were extracted using experimental setups. Fig. 13, shows the detailed methodology used for the 
improvement of the numerical base model. Starting with a base model created from the building’s as-built drawings and technical 
reports. The thermal characteristics of opaque and glazing materials were extracted from the manufacturer datasheets, and calculated 
theoretically. The infiltration was set to 0.5 ACH based on ASHRAE55 recommendations. Then, the statistical indices were calculated 
for the hourly measured and simulated VRF energy consumption and indoor temperatures. Three other improved BEMs have been 
conducted based on several experimental measurements for the enhancement of the building numerical model. 

In model 1, the building envelope thermal transmittance was estimated based on the thermal conductivity test measurements 
conducted using HFM 446 Lambda. All the other parameters of the base model were conserved in model 1. Model 2 is the third 
simulation conducted after the in-situ investigation of the glazing thermal properties. The extracted layers of the existing windows and 
their thickness were set as input in model 2, as well as the real measured SHGC and VLT values. In Model 3, the building airtightness 
obtained from the in-situ infiltration measurement was set as input to model 3 along with all the other input parameters of Model 2. 
The numerical model validation was conducted on hourly energy consumption for cooling and heating periods along with the hourly 
indoor temperature on a nearly complete year of dataset starting from the 22nd of January 2021 until the 31st of December 2021. The 
measured temperature data of room 1 were missing from the 1st of January until the 21st of January and from the 22nd of October 
until the 10th of November. Besides, in room 2, data was missing for the whole month of January and from June until the end of the 
year. This was due to several technical problems that occurred in the data acquisition system. 

The statistical indices used in this study are CV(RMSE) and NMBE. The CV(RMSE) is calculated mathematically using equation (2), 
to model the difference in uncertainty between the simulated and measured data; 

CVRMSE= 100

[∑n
i=1(yi − ŷi)

2

n

]1/2 /

y (2) 

Knowing that y is real data, ŷ is simulated data, y is the mean of measured data and n corresponds to the overall sum of hours 

Table 4 
Input parameters of the building components.  

Component Layers (thickness) Conductivity (W/m. 
K) 

Density (kg/ 
m3) 

Specific heat capacity (J/Kg. 
K) 

Theoretical U – Value (W/m2.K) 

Roof Waterproofing (15 mm) 0.0026 1042 880 0.28  
OSB 3 (15 mm) 0.13 600 1880  
Polystyrene -XPS (40 mm) 0.034 32 1450  
Acrylic (50 mm) 0.037 1390 1360  
OSB 3 (15 mm) 0.13 600 1880  

Ceiling Plywood (15 mm) 0.14 530 900 0.33  
Polystyrene -XPS (40 mm) 0.034 32 1450  
Acrylic (50 mm) 0.037 1390 1360  
OSB 3 (15 mm) 0.13 600 1880  

Ext & Int Walls OSB 3 (15 mm) 0.13 600 1880 0,34  
Polystyrene -XPS (40 mm) 0.034 32 1450  
Acrylic (50 mm) 0.037 1390 1360  
OSB 3 (15 mm) 0.13 600 1880  

Ground floor Polystyrene -XPS (40 mm) 0.034 32 1450 0,68  
Plywood (15 mm) 0.15 600 1600  

Table 5 
Input parameters of the windows glazing building components.  

Windows Layers (Thickness) Solar Heat Gain Coefficient (SHGC) Visible transmittance light (VTL) U- Value (W/m2.K) 

Double Clear glazing Clear glass (6 mm) 0.70 0.78 2.89 
Air gap (8 mm) 
Clear glass (6 mm)  
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Table 6 
List of VRF performance curves calculated parameters values.   

Coefficient 1 Coefficient 2 Coefficient 3 Coefficient 4 Coefficient 5 Coefficient 6 

OUTDOOR UNIT 
Cooling capacity ratio modifier function of 

low-temperature curve 
− 3.233217934 0.409109691 − 0.00892928 − 0.001508216 1.08994e-05 6.84153e-05  

Cooling capacity ratio boundary curve − 427.7806956 74.49094499 − 3.775720705 0.059606481 – –  

Cooling capacity ratio modifier function of 
high-temperature curve 

− 2.747086658 0.253518571 − 0.003771626 0.067504335 − 0.000736983 − 0.001493169  

Cooling energy input ratio modifier function of 
low temperature 

− 1.65079921 0.209854131 − 0.004740193 − 0.025614299 0.000438904 –  

Cooling energy input ratio boundary curve − 427.7806956 74.49094499 − 3.775720705 0.059606481 – –  

Cooling energy input ratio modifier function of 
high-temperature curve 

− 7.736056351 0.577354048 − 0.009995146 0.123947432 − 0.000439784 − 0.003252722  

Cooling energy input ratio modifier function of 
low-part load ratio curve 

0.026031746 0.520829852 0.355889724 0.097465887 – –  

Cooling combination ratio correction factor 
curve 

0.83317757 0.171728972 – – – –  

Piping correction factor for length in cooling 
mode 

1.010089286 − 0.001261905 1.4881e-06 – – –  

Heating capacity ratio modifier function of 
low-temperature curve 

1.076797127 − 0.00977627 0.000222036 0.025968534 0.000449937 − 5.03891e-06  

Heating capacity ratio boundary curve 148.2376118 − 21.55668359 1.099226493 − 0.019458545 – –  

Heating capacity ratio modifier function of 
high-temperature curve 

1.605559687 − 0.030264728 − 1.37054e-05 0.001319945 − 1.57385e-05 − 3.59442e-05  

Heating energy input ratio modifier function of 
low-temperature 

1.0674324 − 0.002203648 0.000246162 0.021452477 1.56847e-05 − 0.000573529  

Heating energy input ratio boundary curve 148.2376118 − 21.55668359 1.099226493 − 0.019458545 – –  

Heating energy input ratio modifier function of 
high-temperature curve 

1.944294572 − 0.031118413 − 0.000390442 − 0.060657897 0.000661649 0.00117028  

Heating energy input ratio modifier function of 
low-part load ratio curve 

0.012093726 0.866244646 0.011337868 0.110229277 – –  

Heating combination ratio correction factor 
curve 

0.705975644 0.328518833 – – – –  

(continued on next page) 

N. Es-sakali et al.                                                                                                                                                                                                      



Case Studies in Thermal Engineering 51 (2023) 103606

12

depending on the time frame used (week, month, year). The second statistical indices used in this study is the NMBE, which is 
calculated using equation (3): 

NMBE=

∑n

i=1
(yi− ŷi

)

n × y
∗ 100 (3) 

After the improvement and validation of the BEMs, the accurate model was selected for further evaluation of the building energy 
use in all the Moroccan regions and climatic zones selected according to the Moroccan Thermal Regulation for Constructions [66]. A 
standard office occupancy schedule was used for this evaluation. This evaluation aims to assess the impact of implementing this 
lightweight structure with the VRF system in all Moroccan regions, to evaluate the building energy efficiency regarding these different 
climates. 

3. Results and discussion 

3.1. Evidence-based data acquisition 

To collect evidence-based data, several in-situ measurements were conducted to extract the crucial building parameters that affect 
the BEM accuracy based on the conducted sensitivity analysis. Thus, Table 7, summarizes the results of the measured thermal 
transmittance using the GreenTEg device along with the deviation between theoretical and measured U-value of the building’s external 
walls. According to these findings, the deviation between all the conducted in-situ measurements is representative. 

Table 6 (continued )  

Coefficient 1 Coefficient 2 Coefficient 3 Coefficient 4 Coefficient 5 Coefficient 6 

Piping correction factor for length in heating 
mode 

0.983153557 0.001821543 − 1.36358e-05 – – – 

INDOOR UNIT 
Cooling capacity ratio modifier function of 

temperature curve 
− 1.0671939 0.134774478 − 0.001333867 0.016084039 − 4.3846e-05 − 0.000829064  

Heating capacity ratio modifier function of 
temperature curve 

0.915061054 0.008566716 − 0.000514892 0.035709143 − 0.000251964 − 0.001167757  

Fig. 13. Numerical model improvement process.  

Table 7 
Measured thermal transmittance using GreenTeg vs. theoretical transmittance data.   

Thermal transmittance (W/m2K)  

Measurement 1 Measurement 2 Measurement 3 Average Theoretical Deviation 

External walls 1.02 0.74 0.78 0.84 0.34 0.50  
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Since the great variation between measured and theoretically calculated U-value, a second series of measurement tests was con
ducted for the thermal conductivity of construction and insulation materials, using this time the HFM 446 Lambda, to make sure of the 
measured U-value accuracy. The results of the thermal conductivity tests on each material are shown along with their deviation from 
known conductivity data, in Table 8. Therefore, the deviation between measured and known values of thermal conductivity is not 
representative. Thus, according to both experimental tests, the first U-value measurements obtained with the GreenTeg logger are not 
accurate and widely different from the theoretical values. Despite the consideration of many parameters during the conduction of the 
test measurements, the obtained results are not reliable. Moreover, the second measurement conducted using the HFM 446 Lambda 
gives accurate results similar to the theoretical and known thermal conductivity values. So, for the rest of this study, theoretical values 
of the U-value were used for the generation of the first base model. Then, the measured values obtained using the HFM 446 lambda 
were used for the generation of model 1. 

The second evidence-based measurement was applied to the building glazing to extract the thermal and optical properties of 
glazing windows. The findings of each measurement were the same in the majority of the building’s windows. Table 9 presents the 
manufacturer’s glazing data along with measured glazing specifications. According to these findings, there is only a slight difference 
regarding real thicknesses of the glazing layers as well as the values of SHGC and VLT. Therefore, these real measured glazing pa
rameters were used for the improvement of the BEM in model 2. 

Table 8 
Measured thermal conductivity using HFM 446 Lambda Vs known conductivity data.  

Materials Thermal conductivity (W/mK)  

M 1 M 2 M 3 Average Manufacturer Deviation 

OSB wood 0.108 0.105 0.104 0.106 0.130 − 0.024 
Polystyrene 0.042 0.040 0.039 0.040 0.034 0.006 
Acrylic 0.044 0.042 0.042 0.042 0.037 0.005  

Table 9 
Comparison between glazing manufacturer data and measured ones.   

Manufacturer data Measured data 

Double glazing (Layers, thicknesses) Clear glass (6 mm) Clear glass (5.5 mm) 
Air gap (8 mm) Air gap (7.6 mm) 
Clear glass (6 mm) Clear glass (5.5 mm) 

SHGC 0.70 0.74 
VLT 0.78 0.80  

Fig. 14. Measured and simulated hourly energy consumption in cooling period.  

Fig. 15. Measured and simulated hourly energy consumption in heating period.  
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Moreover, the building airtightness measurement was conducted using the blower door test. The found infiltration level was 1.5 
ACH, this value will be used for the enhancement of the numerical model in model 3. 

3.2. Energy evaluation 

The results of simulated and measured hourly VRF energy consumption in cooling and heating periods are shown respectively in 
Figs. 14 and 15, for each model. Table 10, presents the variation of CV(RMSE) and NMBE for hourly VRF energy use of the four models. 

Table 10 
Monthly NMBE and CV(RMSE) for hourly VRF energy consumption.  

Months Base Model Model 1 Model 2 Model 3 

CV(RMSE) [%] NMBE [%] CV(RMSE) [%] NMBE [%] CV(RMSE) [%] NMBE [%] CV(RMSE) [%] NMBE [%] 

April 38.78 − 16.04 33.52 − 14.11 33.30 − 12.8 28.49 − 6.12 
October 31.17 14.37 24.81 11.77 30.07 13.91 20.57 9.77  

Fig. 16. Daily measured and simulated hourly temperature data in winter season for room 1.  

Fig. 17. Daily measured and simulated hourly temperature data in spring season for room 1.  
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The findings of the VRF energy consumption assessment, prove the invalidation of the BEM either in the cooling period of April or in 
the heating period of October for the base model, model 1, and model 2, unlike model 3 which is validated for both periods. Therefore, 
the energy use data has improved through the enhancement of the numerical model using evidence-based measured data. Moreover, 
the cooling and heating energy consumption is impacted by the indoor temperature and the HVAC system type using performance 
curves as well as the weather conditions. Besides, the indoor temperature is highly impacted by the construction materials’ thermal 
conductivity, the glazing thermal and optical parameters as well as the building infiltration. Therefore, the developed model has a high 
accuracy since all these parameters were measured locally to make sure from the real values of the building simulation parameters and 
the numerical model precision. 

3.3. Indoor temperature evaluation 

The results of indoor temperature validation in room 1 are presented in Fig. 16 for winter season, in Fig. 17 for spring season, in 
Fig. 18 for summer season, and in Fig. 19 for autumn season along with statistical indices of each model. In the base model, the findings 
of the predicted indoor temperature show a difference regarding the measured indoor temperature. Moreover, the calculation of the 

Fig. 18. Daily measured and simulated hourly temperature data in summer season for room 1.  

Fig. 19. Daily measured and simulated hourly temperature data in autumn season for room 1.  
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statistical indices proves that the input data of the model do not follow real data. This could be explained by the flawed assumptions 
made based on the literature which did not line up with the building’s actual existent specifications. Therefore, to improve the results 
of the base model a second simulation, Model 1, has been carried out. The hourly indoor temperature results show a slight difference 
compared with the base model. Whereas, the findings of model 2 show an improvement compared with the base model and model 1. 
However, model 3 provides the best results of indoor temperature matching with measured data. 

Based on the graphs of the daily measured and predicted indoor temperature for winter season presented in Fig. 16, the existence of 
a temperature peak in the measured indoor temperature can be noticed. This peak is due to the poor location of temperature sensor, 
which is near an existing window. Based on Fig. 20, the temperature peak happens at 09 a.m. In January, the sun trajectory is in front of 
the window of room 1 in the mornings. Thus, each sunny morning at 09 a.m. the solar radiations are projected directly on the tem
perature sensor inside room 1. Otherwise, in June the trajectory of the sun is higher and far from the room’s window. Thus, in June as 
presented in Fig. 18, there is no peak in indoor temperature and the measured indoor temperature is the same as the simulated indoor 
temperature for model 3. 

Fig. 20. Peak direct solar irradiation occurrence time. (a) On the first day of January at 09 a.m. (b) On the first day of June at 09 a.m. (c) During 2 weeks in January.  

Fig. 21. Annual average CV(RMSE) and NMBE in room 1.  
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Furthermore, in model 3 presented in Fig. 17, there exist some gaps between measured and simulated indoor temperature. These 
gaps are due to the building openings for cleaning and equipment maintenance. These openings were not taken into consideration in 
simulation, as a result, these little changes in input data have led to small temperature fluctuations. Otherwise, the slight difference 
between measured and simulated indoor temperature presented in Fig. 19, is related to the occupants’ behavior. As of October, the VRF 
system was working in heating mode. Whereas, the developed BEM for the aim of this study, the thermal comfort heating and cooling 
setpoints recommended by the Moroccan Thermal Regulation for Constructions were used as HVAC temperature setpoints. Never
theless, in reality, the occupants used to operate the heating thermostat differently. 

Moreover, as shown in Fig. 21, the base model has an annual average CV(RMSE) of 14.58 %, hence model 1 has a value of 13.06 %. 
Regarding the NMBE, the base model represents an annual average value of − 11.23 %, and model 1 has an annual average value of 
− 9.16 %. Therefore, the thermal transmittance of the building envelope is not enough to improve the accuracy of the model. Thus, this 
proves that the thermal characteristics of the construction and insulation materials taken from the manufacturer’s datasheets were 
approximately accurate with a small difference caused by material ages. This difference, as explained previously, is due to the 
degradation of the envelope materials. However, the findings of model 1 have slightly improved according to the base model. Still, 
model 1 is not validated for the whole year and should be more improved. Therefore, in model 2 the annual average of the CV(RMSE) 
and the NMBE are respectively 12.64 % and − 8,53 %. Additionally, the results of all months have improved compared to the base 
model and model 1, although there still are months that have not been validated yet. Thus, the building glazing parameters highly 
impact the fluctuation of the indoor temperature. So, before starting a building calibration process, it is crucial to make sure of the 
input glazing parameters. Furthermore, the results of model 3, show the model validation for the whole year, and its accuracy 
regarding model 2. Based on this finding, it’s concluded that infiltration is also an important parameter that should be taken into 
consideration while conducting a numerical BEM. The range of infiltration given in literature is between 0.5-1ACH and the most used 

Table 11 
Monthly NMBE and CV(RMSE) values for the hourly indoor temperature of room 1.  

Months Base Model Model 1 Model 2 Model 3 

CV(RMSE) [%] NMBE [%] CV(RMSE) [%] NMBE [%] CV(RMSE) [%] NMBE [%] CV(RMSE) [%] NMBE [%] 

January 15.69 − 14.55 13.56 − 12.23 12.82 − 11.40 6.09 − 3.34 
February 19.56 − 17.70 17.20 − 15.11 16.47 − 14.26 8.35 − 4.72 
March 19.41 − 17.59 17.27 − 15.22 16.52 − 14.34 9.44 − 5.61 
April 13.74 − 10.88 12.14 − 8.91 11.64 − 8.25 7.42 − 1.79 
May 12.51 − 7.05 11.60 − 5.38 11.34 − 4.83 9.06 1.67 
June 9.21 − 6.81 7.74 − 4.65 7.46 − 4.06 4.84 0.69 
July 7.60 − 1.69 7.38 0.48 7.49 1.02 7.57 3.86 
August 9.87 − 3.82 9.12 − 1.54 9.09 − 0.96 9.12 2.71 
September 12.26 − 8.45 10.86 − 6.89 10.57 − 6.52 7.69 − 3.42 
October 14.41 − 9.00 13.72 − 8.42 13.61 − 8.33 9.32 − 2.28 
November 24.37 − 22.26 21.95 − 19.54 21.20 − 18.71 9.92 − 7.57 
December 16.31 − 14.93 14.11 − 12.43 13.42 − 11.64 5.31 − 2.53 
Average 14.58 % − 11.23 % 13.06 % − 9.16 % 12.64 % − 8.53 % 7.85 % 1.86 %  

Fig. 22. Daily measured and simulated hourly temperature data in winter season for room 2.  
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value is 0.5ACH. So, based on this assumption we used 0.5 ACH as the base model input infiltration. Nevertheless, this value could not 
always be accurate for all building constructions. In our case, the building is built from wood with an insufficient insulation layer, the 
infiltration found using the blower door test is 1.5ACH. Thus, according to the results of model 3, we could notice that all the months 
are calibrated and respect the acceptable tolerances. So, this finding proved the accuracy of the BEM developed in the aim of this study, 
and all the input parameters of the simulation are approximately the same as the real ones over time and seasons. This study has shown 
that there is a good agreement between the measured and simulated hourly energy consumption and indoor air temperatures. 

Both statistical indices values for each month for all models are presented in Table 11. The comparison of indoor temperature 
predictions against experimental ones of room 1 of all models proves that BEM could be validated in some periods of the year but not 
validated for all the year, which is the case for the base model, models 1 & 2, unlike model 3 that was validated for the whole year. 
Therefore, it is crucial to conduct a validation strategy for the whole year. 

According to the aforementioned findings, the BEM of the whole building with several thermal zones was validated against a 
unique temperature measurement in room 1. Therefore, to verify the accuracy of the developed model 3, the results of the hourly 
indoor temperature in a second thermal zone (room 2) are assessed. These two rooms have completely different conditions, and if both 
of them are validated using model 3, it could be concluded that the whole building is validated. The measured hourly temperature of 
room 2 was only recorded from February until May. These measured data were compared to the simulated ones using the four 
developed models. Fig. 22 & Fig. 23 present respectively the variation of the measured and simulated indoor temperature inside room 
2 for all models. Table 12, shows that room 2 is also validated using model 3 with an average of 9.54 % for CV(RMSE) and − 3.82 % for 
NMBE. 

3.4. Energy evaluation in Morocco 

After the enhancement of the base energy model with several in-situ measurements, the final precise model, model 3, was used as 
reference in 12 Moroccan regions. Fig. 24, summarizes the cooling energy consumption of lightweight construction in Morocco. The 
region of Guelmim-Oued Noun has the lowest cooling energy, unlike the region of Deraa-Tafillalet which has the highest cooling 
energy consumption compared to all the other regions. Therefore, this lightweight building structure could be beneficial for Guelmim- 
Oued Noun in cooling periods. 

The variation of the heating energy use in Moroccan regions is represented in Fig. 25. The Dakhla-Oued Ed-Dahab region has the 
lowest heating energy use, while the Fes-Meknes region has the highest heating energy consumption. Therefore, the southern regions 

Fig. 23. Daily measured and simulated hourly temperature data in spring season for room 2.  

Table 12 
Monthly NMBE and CV(RMSE) for hourly indoor temperature of room 2.  

Months Base Model Model 1 Model 2 Model 3 

CV(RMSE) [%] NMBE [%] CV(RMSE) [%] NMBE [%] CV(RMSE) [%] NMBE [%] CV(RMSE) [%] NMBE [%] 

February 16.74 − 12.57 15.60 − 11.20 14.00 − 10.98 7.73 − 4.19 
March 16.85 − 13.80 15.70 − 12.55 14.91 − 12.76 9.29 − 6.93 
April 13.71 − 3.39 12.56 − 2.94 12.00 − 2.86 8.18 − 1.30 
May 16.87 − 6.44 15.56 − 5.79 15.87 − 5.79 12.99 − 2.88 
Average 12.04 − 9.05 14.85 − 8.12 14.19 − 8.09 9.54 − 3.82  
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are best locations to use such buildings with a VRF system. 
The six climatic regions of Morocco are presented in Table 13 along with their cooling and heating energy use. Ifrane region has the 

lowest cooling energy and also the highest heating energy use. Therefore, this building construction would not be sufficient in cold 
seasons in Ifrane zone, unlike Agadir zone which has the lowest heating energy and also second lowest cooling energy. 

4. Potential building improvement in Morocco 

The energy policy for the building sector in Morocco is distinguished by a strong commitment to energy efficiency and sustain
ability. The country is conscious of the importance of the building sector as a significant energy consumer and source of greenhouse gas 
emissions. To address these challenges, Morocco has implemented several key initiatives: 

Fig. 24. Cooling energy evaluation in Morocco.  

Fig. 25. Heating energy evaluation in Morocco.  
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• Building Codes and Standards: To enhance the energy efficiency of both new and existing buildings, Morocco has implemented 
strict building regulations and standards. The aforementioned regulations mandate energy-efficient HVAC systems, energy- 
efficient insulation, and energy-efficient lighting [66].  

• Renewable Energy Integration: The country promotes the incorporation of renewable energy sources into building designs. 
Buildings are increasingly powered by solar panels and other alternative energies, which lowers their dependency on conventional 
energy sources [70].  

• Financial Incentives: To encourage the use of energy-efficient building techniques, Morocco provides financial incentives and 
subsidies. Tax breaks down, grants, and low-interest loans are among the incentives offered to encourage property owners and 
developers to invest in energy-efficient technologies [71].  

• Green Building Certification: Green building initiatives that satisfy particular sustainability standards are promoted and certified by 
the Moroccan Green Building Council. This certification approach encourages architects, engineers, and developers to use envi
ronmentally friendly materials and practices [72]. 

By concentrating on these techniques, Morocco intends to decrease building sector energy consumption, lower greenhouse gas 
emissions, and improve the overall sustainability of its built environment. This is in line with the country’s wider objectives of shifting 
to a greener and more energy-efficient economy while addressing concerns about climate change. Therefore, the findings of this 
proposed study are aligned with the energy policy and practices in Morocco. Since, the cooling and heating energy consumed with 
actual studied building respects and meets the thermal regulations of construction requirements in Morocco. Moreover, the literature 
show a diversity of studies that have focused on investigating the building cooling and heating energy uses in the six climatic zones of 
Morocco following the Moroccan energy codes and policies. Table 14 highlights some important studies that have contributed in the 
improvement of buildings thermal performance for the Moroccan context. 

Hence, all the aforementioned studies have reached significant savings and improvement using different passive design strategies. 
Still, none of them have investigated and taken into consideration the lightweight construction envelope. Therefore, the present study 
could be of high interest and implications for similar climates and also for other building typologies. Moreover, the lightweight 
construction building envelope still needs more advanced enhancement techniques to be more energy efficient. Thus, Liu [77] have 
proved that the integration of phase change materials (PCM) could enhance the thermal performance of lightweight building con
structions using the suitable phase-transition temperature, optimal locations of PCM in different orientations of the construction 
resulting in significant thermal performance improvement. This promotes the integration of innovative and new materials to the 
building construction, which may have the potential to improve the built environment. 

5. Conclusions and future work 

In this paper, a thorough investigation into improving a numerical Building Energy Model (BEM) for an existing lightweight 
building with a Variable Refrigerant Flow (VRF) system in a semi-arid climate was conducted. Using the OpenStudio simulation engine 
with a 1-min timestep, we aimed to enhance the accuracy of the BEM by integrating real-world building parameters obtained through 
on-site measurements. The key findings of the proposed study are as follows:  

1. Temporal Scale for Enhancement: Enhancing the numerical model should be carried out on an annual basis. It was found that some 
months within a year may not align well with real-world conditions due to variations in input parameters. Ensuring the model’s 
applicability for the entire year is crucial, especially for applications such as energy consumption forecasting. 

Table 13 
Energy evaluation according to Moroccan climatic zones.  

Climatic Zones Cooling Energy (kwh) Heating Energy (kwh) 

Agadir 2000.81 1897.09 
Tanger 2701.25 2199.13 
Fes 3218.69 2775.66 
Ifrane 1532.81 3800.45 
Marrakech 3030.45 2205.76 
Errachidia 4195.28 2249.23  

Table 14 
Highlight of some studies that contribute in the improvement of buildings thermal performance for the Moroccan context.  

Reference Contributions in enhancing buildings performance for Moroccan context 

Romani et al. [73] The authors have conducted a building envelope optimization to decrease the overall annual building energy loads in all the climates zones 
of Morocco 

Hamdaoui et al. 
[74] 

The authors have evaluated three Moroccan construction scenarios for an office building under the six climate zones of Morocco. Several 
passive energy efficient strategies were examined for the decrease of the annual energy demand and the greenhouse gases emissions. 

Abdou et al. [75] The authors have conducted a multi-objective optimization using passive energy efficient designs for the minimization of the building life- 
cycle cost as well as increasing both the energy savings and the indoor thermal comfort in all the Moroccan climatic zones. 

Benallel et al. [76] The authors have conducted a thickness optimization of exterior wall insulation for different climatic regions in Morocco for the 
determination of the optimal insulation thicknesses, energy savings and payback periods.  
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2. HVAC Energy Validation: It’s essential to validate HVAC energy consumption during both cooling and heating seasons. Relying 
solely on indoor temperature validation may not guarantee the accuracy of the entire building’s energy systems, as these systems 
are influenced by performance curves, indoor temperature, and weather conditions. Therefore, it’s vital to validate energy con
sumption alongside indoor temperature.  

3. In-Situ Measurements Importance: Before developing any numerical BEM, conducting comprehensive in-situ measurements of the 
building’s characteristics and equipment is paramount. Accurate calibration of the model depends on input parameters closely 
matching their real-world counterparts, with special attention to parameters like the building infiltration rate.  

4. Energy Efficiency of Lightweight Buildings with VRF: this study suggests that using lightweight building construction combined 
with a VRF system can yield energy efficiency benefits, particularly in regions with high cooling and heating energy savings po
tential, such as Southern areas and Sub-Saharan regions. 

In summary, this research underscores the significance of meticulous modeling and validation processes for BEMs to accurately 
assess building performance and energy efficiency, especially in varying climatic conditions. Moreover, future research should 
emphasize comprehensive sensor deployment, accurate BEM calibration, strategic sensor placement, and the adoption of energy- 
efficient building technologies to advance our understanding of building performance and promote energy efficiency across various 
regions. 
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