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Title: Assessing Mixed Mode Cooling In Lebanon Office Buildings 
 
 
 

The aim of this study is to assess the use of mixed mode ventilation for a 
typical office building in Lebanon, and consequently reduce Heating Ventilation and 
Air Conditioning (HVAC) energy consumption in the observed recent and under future 
climatic conditions. Mixed Mode cooling was thought of being a compromise between 
the insufficient natural ventilation and the expensive year round operated HVAC. A 
control algorithm is set for windows and HVAC system to ensure mixed mode 
operation. The results of the simulations were evaluated in terms of potential reduction 
in energy consumption under the present and the future weather data. Finally a lifecycle 
cost analysis was performed for the proposed system and its payback period was 
computed. Under present construction practices and weather data 31% annual energy 
savings were achieved using Mixed Mode system. Under future 2050’s weather data 
21% annual energy savings resulted with a payback period of 3.8 year. 
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CHAPTER I 

MIXED MODE SYSTEM  

 

A. Introduction 

One major global concern nowadays is climate change and it was subject to numerous 

studies. These studies aimed at the quantification of future global weather trends. For example, the 

Intergovernmental Panel on Climate Change (IPCC) quantified an average global surface 

temperature increase of 0.9°C to 4.8°C by the years 2100’s under different CO2 emission scenarios 

(high emission, medium emission, low emission) (Alves et al. 2015). This surface temperature 

increase affects largely the buildings energy consumption. 

Buildings consume currently 40% of the global energy consumption ( Vorsatz et al. 2012) 

where offices represent one of the most energy intensive constructions (Lombard et al. 2008). 

Particularly in the Middle East, buildings consume 27% of the total energy consumption (Vorsatz et 

al. 2012, Lombard et al. 2008). This energy consumption is expected to increase at an annual rate of 

3.2% in the Middle East (Lombard et al. 2008). The increasing energy consumption triggers several 

consequences as the depletion of global energy resources and the increase in Green House Gases 

(GHG) emissions. This brings the need to reduce energy consumption in office buildings in the 

present and future especially for HVAC systems due to its link to the outdoor weather conditions. 

To reduce HVAC energy consumption without implications on thermal comfort and indoor air 

quality, studies have assessed the use of passive systems such as natural ventilation and night 

ventilation instead of the conventional air conditioning systems to cool buildings (Pfafferott et al. 

2004- Pollock et al. 2009). Natural ventilation was found promising in moderate climates for 

several types of buildings, and was found to reduce building energy consumption and offer an 

acceptable indoor environment (Pfafferott et al. 2004, Annan et al. 2014). In the Middle East, 52% 

possibility of natural ventilation usage was expected in Lebanon under current weather data (Annan 
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et al. 2014) and around 10% to 40% energy savings were achieved in Dubai-UAE due to the use of 

natural ventilation in the moderate months ( Taleb et al.2015). 

In office spaces, workers productivity is crucial and thermal comfort should be sufficient. 

However for thermal comfort to be provided, natural ventilation is not sufficient all over the year 

and its use is limited to the moderate periods. This made the engineers hesitate to implement natural 

ventilation in arid regions and especially in offices. Mixed-mode or hybrid systems were introduced 

as the alternative to natural ventilation that makes maximum natural ventilation usage with 

supplementary use of mechanical systems in extreme weather conditions (Ezzelding et al. 2013). 

These systems utilize windows and HVAC systems control to harness natural ventilation, minimize 

energy use, and provide occupants comfort. As per Schulze et al. “Open plan” offices are preferred 

to be controlled automatically rather than manually for better comfort (Schulze et al. 2013, Deuble 

et al. 2012). The hybrid system alternates between systems in an automatic manner as per the 

comfort temperatures allowed for natural ventilation (Lomas et al. 2009). This system has several 

advantages of which: (i) extend the applicability of natural ventilation to a longer period of the year 

due to the control of windows opening (Alves et al. 2015). (ii) The embedded natural ventilation 

part of the system results in human adaptation to a wider range of outdoor conditions (Alves et al. 

2015, Wang et al. 2015, and Humphreys et al. 1998). Research conducted on this system showed 

interesting results and proved its reliability (Alves et al. 2015, Schulze et al. 2013, Tuohy et al. 

2007, Rijal et al. 2008, Inkarojrit 2004). However these studies have been mostly concerned with 

application in temperate climates and countries of Europe and limited assessments were conducted 

for the area of the Middle East (Ezzeldin et al. 2013). Moreover, the conducted studies on mixed 

mode cooling in the Middle East did neither consider the performance of the system in the future 

facing climate warming nor the cost of installing such systems. 

In this study, a hybrid system (Mixed Mode system) is assessed for applicability in the area of 

Lebanon, Middle East. Lebanon was chosen being a country with a moderate climate which allows 

the use of such systems. The objective of this study is to perform a quantitative assessment of the 
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energy saving potential of hybrid systems in office buildings in Lebanon under present and future 

climates. The approach followed consists of: (i) performing dynamic simulations under present and 

future climatic conditions for a typical office building in Lebanon (ii) deducing its energy 

consumption patterns over the years (iv) performing a life cycle cost analysis of the system. The 

raised concern regarding the future and the lifecycle cost is due to the fact that the Middle East is 

prone to significant “cross roads” air pollution leading to serious climate warming effects (Lelieveld 

et al. 2002). This affects the energy saving potential of the proposed system in the future which 

brings the need to quantify the climate warming effect on the system. Dynamic simulations are 

performed on a typical office building in Beirut Lebanon under the hybrid mode approach in the 

present and the future using IES-VE. 
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CHAPTER II 

DEFINING WEATHER DATA AND CONTROL STRATEGIES 
 

In this study, the potential of hybrid system in providing thermal comfort for workers is 

assessed and its energy consumption is simulated. In order to conduct the simulations, dynamic 

simulation software is needed with software capability of performing complex thermal modeling of 

natural ventilation and hybrid systems. IES-VE is used, being a commercially available dynamic 

simulation software that was suggested by many researchers (Pollock et al. 2009; Annan et al. 2014; 

Azhar et al. 2009) for similar studies.   

A set of design parameters are taken as inputs into IES-VE software, these parameters are 

pivotal to the building performance. The parameters include: the present and future weather files of 

the country, the natural ventilation scheme, geometry, building orientation, construction material, 

windows specifications, occupancy density, equipment heat dissipation, schedules for occupancy 

and equipment and the designs of the heating and cooling systems. Also, a detailed control 

algorithm for the windows and the Air Conditioning (AC) system is needed to operate the hybrid 

system. The function of this control is to provide occupants comfort and save energy by simple 

alternation between the windows operation and the AC system’s operation. 

 

A. Lebanon current climate data and weather file 

 Located on the eastern side of the Mediterranean (latitude 33º 49N; Longitude 35º 29E) 

with a 220Km long coast line (Haddad et al. 2014), Lebanon has a climate characterized by hot 

summers and mild rainy winters. Beirut is the capital of the country, its financial center and the 

countries’ largest urban conglomerate. This city is prone to a hot microclimate caused by the Urban 

Heat Island Effect (UHIE) (Ministry of public works & transport 2005). Lebanon undergoes 

temperature ranges of 5°C to 38°C over the seasons. Moreover, humidity levels in the area vary 

between 55% and 70% with highest humidity level witnessed in Beirut city. Solar radiation in the 
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country is mostly uniform in the upper atmosphere but depends on the cloud cover of the cities at 

the people’s level (Ministry of public works & transport 2005).  

To be able to assess Mixed Mode ventilation in Lebanon, the weather file of the country is 

one major input of IES-VE. A weather file is an hourly weather data file readable by the software 

containing weather characteristics of the country. As no particular year can have a perfect 

description of the actual country’s climate characteristics described above, Typical Meteorological 

Years (TMY) were developed to describe accurately the weather. A TMY weather file is generally a 

combination of weather parameters derived from previously measured weather data (over a period 

of 10 to 30 years) of which typical descriptive months were combined. These months have weather 

characteristics that are the most commonly encountered over the years and they are assembled using 

the Finkelstein-Schafer method (Jentsch et al. 2008). In our study, the current weather file used for 

the simulation represents the Typical Meteorological Year (TMY3) weather file for Lebanon for the 

TMY3 years (1991-2005). This weather file is collected in this study using the MeteoNorm 

software; it is a weather data generation software used by many scholars in the collection of weather 

files (Radhi 2009, Ineichen 2006). 

 

B. Future weather data generation 

Future Lebanon hourly weather data are needed for the future simulations. These weather 

data are estimated for the 2050’s using the IPCC HADCM3 (Hadely Center Coupled Climate 

Model). HadCM3 makes use of the CO2 emission scenario of a country to deduce the climate 

change pattern it will undergo. The CO2 emission scenario assumed for Lebanon is A2 which 

describes: (i) a country with high population growth where the local identities are not much 

changed, (ii) a more regionally than locally oriented economic development, (iii) a slow 

technological change. This scenario is the closets description of this country’s development 

compared to the other emission scenarios suggested by the IPCC. More description of the scenarios 

and of the HadCM3 model can be found on the IPCC official website (http://www.ipcc-
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data.org/sres/hadcm3_download.html). HadCM3 provides the monthly mean bulb temperatures 

mwbt∆ , diurnal temperature 
m

Tmax∆
m

Tmin∆− , relative humidity mr∆  and monthly percentage 

mean change in solar irradiance mhI ,∆  ) over certain grid points on the earth and these grid points 

can be interpolated to get the exact target location (Johns 2003). 

The morphing method developed by Belcher et al. 2005 consists of using previous climate 

observations (TMY datasets), to downscale HadCM3 future monthly projections into future hourly 

weather files (Belcher et al. 2005). For this study, a morphing tool “Climate change world weather 

generator” was used to produce the future 2050’s weather files using the HadCM3 parameters 

interpolated onto the country’s grid points and using the TMY datasets of the country:  m
dbt max0 , 

m
dbt min0 ; m

t0 ; 0r ; 0,hI . This morphing tool proved reliable in previous climate projection studies 

(Holmes et al. 2011, Costa 2014, Peng et al. 2013, Yi et al. 2014) and bases its calculation on the 

following equations: 

The future hourly dry bulb and dew point temperature in the morphing method are given as 

follows (Wang et al. 2014): 

   
( )

m
ttattt mm 000 −+∆+=

       (1) 

Where 0t  is the current hourly (TMY) weather data, mt∆   is the monthly mean change 

obtained from HADCM3, ma  the temperature increase factor and m
t0  the monthly mean of the 

current weather data. The temperature increase factor mentioned above ( ma ) is found as follows 

(Wang et al. 2014): 

 mm
m dbtdbt

TT
a mm

min0max0

minmax

−

∆−∆
=

     (2) 



7 

Where Δ
m

Tmax  and Δ
m

Tmin  are the monthly mean changes in diurnal temperature in the 

future, which are obtained from the HADCM3 model, and m
dbt max0  and m

dbt min0   are the 

monthly mean changes in diurnal temperature under current weather conditions. 

For relative humidity and wind speed (being expressed as percentage changes in 

HADCM3) the following equation from Wang et al. 2014 applies  

 
0100

1 r
r

r m 





 ∆
+=

                            (3) 

Where r is the future wind speed or relative humidity, Δ mr  the monthly mean change (in 

percentage) obtained from the HADCM3 data, and 0r  the current weather data.  

For the solar irradiance on horizontal surface the calculation is as follows (Wang et al. 

2014): 

 
0,

0,

,1
h

mh

mh
h I

I
I

I 











 ∆+
=

                   (4) 

Where hI   is the future hourly solar irradiance, Δ mhI ,   the monthly mean change in solar 

irradiance, and 0,hI  the current hourly solar irradiance. 

The current Typical Meteorological year (TMY) weather file can be transformed to future 

hourly weather file based on the HADCM3 data and Eq. (1)-(4) stated above. 
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C. Developing windows and HVAC control algorithm 

The target of windows and HVAC system control algorithm in hybrid ventilation buildings 

is to provide occupants comfort and fresh air. To define occupants comfort in non-AC buildings, the 

ASHRAE 55 adaptive comfort model (Brager et al. 2001) was developed. This model defines a 

comfort range established based on a comprehensive database of survey locations that includes the 

Middle East (Ezzeldin et al. 2013). However, this comfort model only applies to naturally ventilated 

buildings and recommends that hybrid buildings get evaluated under Fanger’s heat balance 

approach for more restrictive results (Brager et al. 2001). One reason behind this restriction might 

be that Mixed Mode buildings were not subject to sufficient studies while setting this standard (De 

Dear et al. 2002). In contrast, subsequent studies including studies in the Middle East have 

recommended the application of adaptive models in Mixed Mode buildings rather than Fanger’s 

model (Ezzeldin et al. 2013, Lomas et al. 2009, Aggerholm 2002, Ezzeldin et al. 2009, and Ezzeldin 

et al. 2008). As a result of the above, the adaptive approach is applied in evaluating the performance 

of the mixed-mode system and in setting the control parameters of this study. The ASHRAE 55 

adaptive comfort model suggests temperature limits upon which occupants are supposed to be 80% 

comfortable under natural ventilation (Brager et al. 2001). The 80% acceptability is adopted in this 

study and according to it, equations (1) and (2) for natural ventilation cooling and heating set-point 

temperatures are set (Alves et al. 2015, Wang et al. 2015) 

3.2131.0 +×= outHL TT             (1) 

3.1431.0 +×= outLL TT                          (2) 

Where THL is the upper 80% acceptability limit describing the highest set-point for natural 

ventilation in °C. TLL represents the lower 80% acceptability limit describing the lowest set-point 

temperature for natural ventilation in °C, and Tout represents the mean outdoor temperature in °C.  

Several hybrid ventilation control strategies were developed as per the humans comfort 

expectations for hybrid ventilated buildings (Ezzeldin et al. 2013, schulze at al 2013, Wang et al. 
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2015, Olesen et al. 2004). In this study a window control algorithm is described for optimum use of 

natural ventilation and thermal comfort.  

The control algorithm operation used in this study is similar to the algorithm followed 

previously by Wang et al. 2015 and is illustrated in figure 1 (summer operation of the algorithm) 

and figure 2 (winter operation of the algorithm). Note that a proportional bandwidth of 2°C is used 

to linearly open or close windows each time divergence of indoor temperature from the natural 

ventilation set-points is detected. During the working hours, the algorithm applies with 24°C 

cooling set point (TAC) and 21°C heating set point (The). As per Olesen et al. 2004, 20% people 

dissatisfaction is allowed in buildings operating under Mixed Mode systems (in the AC settings) 

this fact is used in our system to avoid discomfort due to sudden temperature variation. In our 

hybrid system, the fresh air flowrate provided is delivered by a supply fan (on as long as the 

mechanical system is on). The same control algorithm applies to non-working hours, but during 

these operations when windows are closed and the indoor temperature is above 26°C the AC will 

operate at 26°C set point to protect electrical equipment from overheating. 
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Figure 1: Summer operation control algorithm. 
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Figure 2: Winter operation control algorithm. 
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CHAPTER III 

CASE STUDY: PROTOTYPICAL OFFICE BUILDING DESCRIPTION 

(BASE CASE) 

A typical open plan (large open space) office was chosen for this study for the purpose of 

establishing base case energy consumption and assessing Mixed Mode ventilation. Being open plan 

where manual operation of windows is difficult, the office under study serves as a good test case for 

controlled hybrid ventilation principle. This office was built according to the typical building 

features used in the country. It is located on the fifth floor of a 25 years old building in the capital of 

Lebanon, Beirut. The office is distanced by 60m from the surrounding buildings in North-East, and 

by 6m from the surrounding building in the South-West.  Described below are the features of the 

office (figure 3).  
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Table 1: Typical office construction material and corresponding U-Values 

Construction 
Element 

Construction Materials (in to out) U-Value 
(W/m²K) 

External Walls Plaster-Concrete Block-Plaster 1.8 

Roof Wood Wool-Mineral Fibre-Aerated Concrete-Asphalt Mastic 
Roofing 

0.3 

Ground Floor Carpet-Reinforced Concrete-Insulation-Reinforced Concrete 0.7 

Windows  Single Glass With 0.8cm thickness 5.2 

 

 

Building Features: 

• Rectangular single Zone space at roof level with an area of 832 m2 and a height of 

3.7m. 

• SE to NW building axis. 

• 60% glazing on the south-west façade and 11% on the north-east facade  

• Glazed surfaces are closed all the time even though operable. 

The largest area with the highest occupancy is the offices part containing 42 employees 

each having a desktop computer. The office operation follows a schedule of 8h per day FROM 8am 

till 5pm with one hour lunch break all over the year during the weekdays, lights and equipment 

follow  people’s schedule except for computer servers (Computer servers remain on 

continuously).The lighting heat dissipation  is 5000W. HVAC system operation is a low level 

operation during out-of-hours. The office’s construction materials and glass properties are 

summarized in table 1 as per the actual office construction which is similar to the common practice 

in the country. The AC system of the building is a direct expansion (DX) unit, operational all year 

long with AC set-point of 23°C in the summer during the working hours, 26°C during non-occupied 

hours operation, and 22°C for the winter during the working hours. In the winter, no heating or 

cooling is on during the out of hours.  
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The electricity consumption of the actual office was monitored on monthly basis in the 

year 2013and varied as per figure 4. As seen in figure 4, the electricity consumption is prevailing in 

the peak summer months of July and August with 13.58 MWh and 13.4 MWh. The electricity 

consumption (figure 4) is the lowest during the months of February and March with 7.2 MWh and 

6.93 MWh per month respectively. This low consumption is due to the fact that those months are 

classified as moderate months where HVAC energy consumption is low and the electrical 

equipment energy consumption is constant. The electricity consumption in the winter is 9MWh in 

the months of Dec and Jan. 

 

Figure 3: Typical open plan office layout in Beirut. 
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Figure 4: Measured total monthly electricity consumption for the year 2013. 
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CHAPTER IV 

RESULTS 

A. Validation of future weather data  

The accuracy of the future weather data is a pivotal issue not to be ignored in the 

simulation process as the whole system’s future assessment is based upon it. As the monthly dry-

bulb temperature is one major input in energy simulations, the validation of this weather parameter 

is crucial for an accurate prediction of the system’s energy performance. In order to validate the 

model, Wang et al.’s 2014 strategy was followed; two historical TMY data sets were used: TMY2 

(1961–1990), and TMY3 (1991–2005). These data sets were first collected using the MeteoNorm 

software. The HADCM3 Data Distribution Center (DDC) was then used to get the monthly mean 

changes of dry bulb temperature for the years 1980’s to 2020’s. Then by applying the morphing 

method on the collected TMY2 historical data using the HADCM3 monthly means, the theoretical 

TMY3 data were generated. In order to validate the accuracy of the HADCM3 model, the actual 

TMY3 (1991–2005) information (collected from MeteoNorm) was compared against the theoretical 

TMY3 values from HADCM3 (using the morphing method). The steps of the validation process are 

shown in figure 5. 
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Figure 5: Flow chart followed during the validation of future weather data. 

 
The average error between the actual and theoretical TMY3 weather data appear to be 

within the 10% error (largest differences noticed  in the month May with an error of 9.2%. The 

closest predicted value to the actual data is in the month of December with an error of 1%). This 

10% error is close to the error reported in the literature (Wang et al.’s 2014). 

 

B. Lebanon future climate data  

After validation of the model, the future weather file for the country was generated using 

the HADCM3 model. The future 2050’s climate for the country was remarkably characterized by a 

2.1°C increase in average dry bulb temperature. The temperature increase is distributed as follows: 

1.7°C Temperature increase in the winter, 2°C Temperature increase in the spring, 2.5°C 

Temperature increase in the summer and 2.1°C Temperature increase in the fall.  Also an average 
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relative humidity decrease of 1% is noticed by the year 2050. The decrease in relative humidity was 

expected due to the drying of the Mediterranean Middle East region discussed in the literature 

(Seager et al. 2007, Jentsch et al. 2010, Krichak et al. 2011).  
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C. Calibration of the IES model by measurement 

The base case uses HVAC all year long; a simulation of the base case was performed using 

IES-VE. To conduct effective simulations with meaningful predictions of energy saving potential 

and measures, precise input data must be used (Agami 2006). To  insure the accuracy of  the 

simulation results , the simulation output must be tuned with measured data (Al-tamimi et al. 2011). 

For this reason, the measured monthly electricity consumption was used for the calibration of the 

IES model. This was performed by comparing the IES-VE simulation results with the electricity 

consumption measurements results. The steps of the calibration were performed based on the 

strategies summarized in Pan et al. 2006 study. 

The office contains 49 computers and one laser printer, two desktop type scanners and one 

fax machine. The lighting heat dissipation in the office space is 5000W. An initial guess over the 

electrical equipment heat dissipation rate was based on the recommendation of ASHRAE Handbook 

2013-Fundamentals chapter 18 data. According to ASHRAE fundamentals handbook chapter 18; 

each desktop computer consumes between 48W and 97 W depending on the computer 

specifications, a laser printer consumes 88W, a scanner consumes 16W, and a fax machines 

consumes 20W.  
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Figure 6: Actual vs simulation total monthly electricity consumption. 

To get the best approximation between the measured and simulated data, adjustments in 

computers heat dissipation rates were implemented. Running the simulation using the 97W heat 

dissipation rate resulted in a high electricity consumption compared to the actual case. The rate was 

then decreased and tuned; the resultant heat dissipation rate of computers appeared to be 

58.36W/Computer. This heat dissipation rate led to an electricity consumption 94% close to the 

actual consumption measured in the office with a maximum error of 10.4% occurring in the month 

of May. Figure 6 shows the actual electricity consumption against the simulated electricity 

consumption. 

 

D. Mixed Mode operation:  

In order to better understand the operation of the mixed mode system two typical TMY 

days are inspected, one summer day (August 13) and one winter day (January 2). Figure 7 and 

figure 8 illustrate the window opening and closing mechanism throughout these days in terms of 

ambient dry bulb temperature and indoor air temperature. These figures give a better picture about 

the hourly behavior of the system. Note that windows have an 84% effective openable area. As 

shown in figure 7, during the chosen summer day the outdoor temperatures vary between 24°C and 

30°C. Inspecting the windows operation in figure 7 shows that a closure of windows is noticed 

when Tout becomes larger than Tin (at time 7:00 and 21:00). Once the window closes, the AC 

system turns on and the indoor temperature remains constant at Tin =24°C to Tin=24.5°C. As per the 

defined low operation of the AC system, during the non-working hours the AC set point becomes 

26°C. This explains the increase in indoor temperature at time 17:00 till 20:00. At night the outdoor 

temperatures starts to drop and becomes close to Tin which leads to a linear opening of the windows 

(in the hours 20:00 till 23:00). The windows remain open as long as outdoor temperature is low and 

close to the indoor temperature (from 20:00 till 8:30). The indoor temperature remains less than 

THL in all cases. 
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Figure 7: Temperature and window opening fraction for a regular summer (TMY) day of August 

 

Figure 8 represents a sample of the simulation results on a TMY winter day (January 2). 

During this day the outdoor temperature varied between 15.5°C and 20.5°C and the windows open 

for three hours (14:30 till 17:30). As seen in figure 8 between time 14:30 and 17:30 the windows do 

not fully open, since each time the window starts to open linearly, the indoor temperature decreases 

and reaches the minimum level of TLL which triggers linear window closure. Note that in 

conformity with the winter window algorithm, the windows clearly start to open when the outdoor 

temperature becomes higher than 16°C and indoor temperature above TLL. The temperature during 

the working hours is maintained within the 80% acceptability limit (between TLL and THL) defined 

in the control algorithm. 
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Figure 8: Temperature and window opening fraction for a regular winter (TMY) day of January. 
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CHAPTER V 

DISCUSSION 

Monthly HVAC energy consumption of the mixed mode system and the base case were 

simulated using IES-VE. In order to assess the energy saving potential of the mixed mode system, 

the base case energy consumption in the present is compared to that of mixed mode system. Figure 

9 summarizes the monthly energy consumption of the Mixed Mode and the base case in the present 

TMY 3(1991-2005). As shown in figure 9 the mixed mode system has highest energy saving 

potential in November with 75% energy saving over the base case, and lowest energy saving 

potential in August with 9% energy savings. It can be noticed from figure 9 that during the fall and 

spring seasons (April, May, Octobe, November), important energy savings occurred with 60% 

savings against the base case. These energy savings are reasonable due to the fact that natural 

ventilation can be mostly used in the moderate months, this leads to fewer burdens on the 

mechanical system triggering less energy consumption. The winter season (December to March) 

energy saving potential is also high with 37% energy savings against the base case; this energy 

saving potential is achieved due to the 20% dissatisfaction allowed in the mixed mode system 

algorithm. The summer season (July to September) represents least energy saving potential with 

24.5% savings against the base case. This small energy saving potential was noted due to the high 

outdoor temperature in the summer that minimizes the use of natural ventilation.  



24 

 

Figure 9: Base case and mixed mode system monthly electricity consumption in the present TMY3 
(1991-2005). 

 

After assessment of the monthly energy savings of the system, the total annual energy 

savings were assessed. The total annual energy consumption of the base case for the present TMY3 

(1991-2005) is 47.5 MWh and became 32.7 MWh when the Mixed Mode system was introduced. 

This represents total annual 31% energy saving against the base case. A comparison to the literature 

is implemented to make sure the annual energy savings results are reasonable. A 35% reduction in 

the energy consumption of office buildings was obtained in Ezzeldin et al. 2013 study (the case 

where only Mixed Mode system was operational in the Middle East and North Africa (MENA) 

region) which is close to the 31% energy savings obtained in this study.  

A comparison of the base case energy consumption between the present and the future was 

performed. Figure 10 summarizes the monthly energy consumption of the base case in the future 

(2040-2069). As shown in figures 9 and 10, a decrease in future energy consumption of the base 

case is noticed in the months of winter. This reduction is due to the increase in outdoor temperature 

that makes the weather more appealing and limits the need for heating. A rise in the future energy 

consumption of the base case was noticed for the rest of the seasons especially in the spring. During 
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the spring season the office would need more energy to be cooled due to the increase in outdoor 

temperatures making the season more hot than moderate.  

 

Figure 10: Base case and mixed mode system monthly electricity consumption in the future (2040-
2069). 

 

The future energy saving potential of the system was then assessed by comparing the 

future energy consumption of the base case to the future energy consumption of the mixed mode 

system (figure 10). As shown in figure 10 the month with the highest energy saving potential in the 

future is December with 78% energy savings against the base case, the month with the lowest 

energy saving potential is August with 4.8% energy savings. The future energy saving potential of 

the mixed mode system decreased compared to the present during the fall and spring seasons (with 

50% energy savings in 2050’s instead of the 60% energy savings in the present). This decrease 

occurs because the outdoor temperatures are becoming more hot than moderate in the fall and 

spring. The energy savings in winter increased in the future (54% energy savings in the 2050’s 

instead of the 37% present energy savings) due to the more moderate outdoor temperatures in that 
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season in 2050’s. The energy saving potential of the system decreased drastically in the summer 

with only 10% energy savings in the future instead of the 24.5% energy savings in the present.  

After inspection of the monthly energy savings of the system, the total annual energy 

savings were assessed for the future (2040-2069). The total annual energy consumption of the base 

case becomes 61.6 MWh in the future, and when the mixed mode system is introduced the energy 

consumption decreases to 49.9 MWh. This represents 19% total annual energy savings against the 

base case. 
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CHAPTER VI 

ECONOMIC ANALYSIS 

As the Mixed Mode system was not used extensively in the Middle East, it is important to 

complete an economic feasibility study of this system to make sure about its advantage over the 

traditional mechanical system. A system is cost effective whenever its initial cost and running costs 

are less than the lifetime present value of its savings (Ghaddar et al. 2013). The lifetime present 

value depends on the discount rate. 

 

A. Calculating the net present value of the system: 

The net present value (NPV) of including the Mixed Mode system in the studied office 

building was estimated taking into consideration the effect of climate warming on the energy cost. 

This process was performed based on the projected changes in the HVAC energy consumption after 

including the Mixed Mode system in the present and the future. The cost of electricity in Lebanon is 

currently at 17.14 US cent per KWh subsidized by EDL with average tariff rate of 9.4 US cent per 

KWh (Ruble et al. 2011) with a 2% assumed increase of electricity cost at a yearly rate (Julha et al. 

2015). 

The net present value equation is as follows: 

∑
= +

=
N

n
n

n

r
C

NPV
0 )1(

      (5) 

Where NPV is the net present value, C is the future energy consumption, N is the holding 

period and r is the discount rate of return (Reyk et al. 2008). 

In long-term economic analysis the discount rate is an important factor and it declines with 

time especially if the future discount rates are uncertain and thus a 2% marginal discount rate shall 

be applied on NPV of projects that last for over 75 years (Julha et al. 2015). This discount rate is 
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used in our study in calculating the NPV of the Mixed Mode system taking climate warming cost 

into account. 

To calculate the running cost and net present value of the Mixed Mode system, first the 

energy consumption for the Mixed Mode building and the base case were computed for the years 

1990’s 2020’s, 2050’s and 2080’s. The energy consumption is assumed to vary linearly through the 

future (Bianco et al. 2009). Note that the electricity consumption of the motors operating the 

windows is negligible compared to the total electricity consumption of the office and thus was not 

accounted for in the calculations. To find the net present value of a system, the annual energy 

consumption of that system is needed over the years. As the electricity consumption for the years 

(1990’s, 2020’s, 2050’s and 2080’s) can be calculated instead of annual electricity consumption, a 

linear regression analysis was performed over the resultant electricity consumption of the simulated 

years (1990’s, 2020’s, 2050’s and 2080’s) to find the electricity consumption of the intervening 

years. This method was adopted previously by Holmes et al. 2011. After finding the annual 

electricity consumption, the price of this electricity consumption was computed by multiplying the 

electricity consumption with its corresponding energy cost. The electricity cost is assumed to 

increase at a 2% inflation rate (Ghaddar et al. 2003). The results were then input into equation 5 

with future cash flow being the annual electricity consumption, discount rate of 2%, and holding 

period of 75 years (2015 to 2090). 

The initial cost of a Mixed Mode system control built from a normal cooling system is 

around 5000$ in the Lebanese market price and the cost is divided into sensors and transmitters 

cost, controllers cost, actuators and electric window openers cost. The mixed mode system is 

assumed to undergo replacement once every 20 years to last for the building lifecycle. The 

calculations of the net present value of the system resulted in a total of 22% savings over the 75 

years of the Mixed Mode system compared to the base case with initial cost and discount rate taken 

into account. Finally the payback period of the mixed mode system was computed and appeared to 

be 3.8 years.  
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CHAPTER VII 

CONCLUSION 

By operating an office under its regular cooling system and typical construction practices, huge 

savings could be achieved by simple window operation strategies and simple alteration between 

natural ventilation and mechanical cooling. These strategies affect positively the energy efficiency 

and the occupant’s thermal comfort. Using the mixed mode approach the energy consumption of the 

office decreases by 31% in the present and by 21% in the future. The following opportunities were 

identified for future studies around the subject: 

-Enhance the building envelope features for a better performance of the system in the present 

and the future. 

-Perform CFD on the naturally ventilated space during peak natural ventilation day to provide 

detailed information about the indoor thermal environment and improve model prediction. 

-Implement the Control strategies on a real existing building to assess whether the predictions 

align with the actual case. 
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