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Abstract 

In hot and humid climates like in Singapore, mixed-

mode operation for office buildings is not a common 

practice. Lack of design knowledge with scientific 

performance-based results and existing operational 

codes are two main reasons. The present study 

evaluates whether a simple design-based approach 

can address the problem to a certain degree. The 

study uses a simulation-based approach to quantify 

the space, thermal comfort, and energy performance 

of various zones in a mixed-mode office layout. 

Simulations are carried out using EnergyPlus as a 

plug-in for the Design Builder tool. The comparative 

analysis results between the business as usual and 

mixed-mode case show a 28% reduction in the 

sensible and total cooling loads. The results 

demonstrated a reduction of 49% in the Energy Use 

Intensity (EUI) when a hybrid operational standard is 

applied to a mixed-mode office space with lower 

cooling loads as compared to a business as usual case 

operating on Singapore Standards..  

Introduction 

The building stock in the world consumes 

approximately 40%, 25%, and 40% of the energy, 

water, and resources, respectively, and is responsible 

for emitting one-third of the total Greenhouse Gases 

(GHG)  (Ruparathna et al., 2016). In Singapore, 

95% of the electricity is generated from expensive 

imported natural gas  (Energy Market Authority of 

Singapore, 2021), and the building sector uses over 

50% of the electricity. The Inter-Ministerial 

Committee on Sustainable Development (IMCSD) 

established a goal to ensure that 80% of Singapore’s 

building stock will be certified under the Green Mark 

Scheme. Further, it also specified a 35% reduction in 

Singapore’s building use intensity (EUI) by 2030  

(Ministry of The Environment and Water Resources 

(IMCSD), 2015). 

When the intent is energy reduction in a building, it 

is essential to understand how and where the energy 

is consumed. Therefore, it is important to establish a 

baseline of current design practices and operational 

standards and codes that govern the operational 

standards of the buildings. In their study published in 

2018, Durate et al. have presented a comprehensive 

status-quo of present-day office buildings in 

Singapore (Duarte et al., 2018). The study mentions 

that office buildings are designed using the “core-

perimeter” zone formula. The zones are part of an 

open floor plan and are identified based on the 

distance of their location from the external façade. A 

perimeter zone in typical office buildings with a 

large floor plan can range from 4 to 12 m depending 

on the dimensions of the floor plate and the floor 

height. The rest of the floor plan is considered a core 

area. In a core-perimeter design, no distinctions are 

made while applying air-conditioning and 

mechanical ventilation (ACMV). In a typical office 

building, the floor plan is designed as a full air-

conditioned (AC) zones. In some cases, the operative 

temperatures in core zones can be set 1°C lower than 

the perimeter zones  (Duarte et al., 2018). 

Based on the status-quo of the present-day office 

building designs, the present study explores an 

alternative to the typical design by integrating mixed-

mode spaces. The mixed-mode spaces can be 

strategically oriented within the floor plan to act as a 

“buffer zone” between the fully air-conditioned 

office spaces and the outdoors. The mixed-mode 

spaces can house pantries and break rooms, 

discussion rooms, temporary work desks,  gathering 

and waiting areas of the offices. The mixed-mode 

zones can be ventilated with the spilled-over treated 

air from the AC zones mixed with natural ventilation 

(NV). Further, separating utility zones that can house 

emergency staircases, toilets, and machine rooms can 

immensely benefit from reducing the cooling loads. 

Methodology 

The study takes a simulation-based approach using 

the EnergyPlus plug-in for DesignBuilder software. 

The details of model geometry, simulation inputs, 

and operational details are specified in the following 

sub-sections. 

Model Geometry 

The floor plan is designed for 2070 m2 gross floor 

area (GFA). The area is derived as an average of the 
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GFA of 40 other high-performance office buildings 

in Singapore. The aspect ratio selected for the design 

is 1.5:1. Studies on the tropics show that tropical 

buildings perform better when the longer facades are 

aligned along the east-west direction  (Al-Tamimi., 

2011). Two cases were developed for comparative 

analysis. A business as usual (BAU) case was 

designed as the baseline, and a mixed-mode (MM) 

case was modeled as an improved case. The details 

of the dimensions, zone classifications of the space, 

and ventilation strategies in each of the two cases are 

as seen in Figure 1. Figure 2 shows the details of the 

airflow in the mixed-mode space. 

 

 

Figure 1: Details of dimensions, zone classification 

and ventilation strategies of BAU and MM cases 

 

Figure 2: Airflow schematic in mixed-mode zones in 

MM case 

Based on the study of the 40 high-performance 

buildings, the average height of typical office 

buildings was decided at 250 m. Similarly, an 

average floor height was decided at 4.5 m. The most 

common shading system was found to be a 

horizontal shading device at an average width of 0.7 

m. The average window to wall ratio (WWR) in 

typical office buildings in Singapore was computed 

at 0.7 m based on this information, and a typical 

BAU building was designed with 55 floors and a 

total GFA of 113,850 m2.  The models were 

developed as two-floor units of 9 m each. The 

models were simulated with floor multipliers to 

reduce the computing time. Figure 3  presents the 

illustration of the models developed. 

 

Figure 3: Model details for heights, floor multipliers 

and simulation models in DesignBuilder tool 

Simulation Inputs 

Tables 1, 2,  3, and 4 list the details of the input used 

for the simulation. Table 1 lists the ACMV system 

inputs for BAU and AC zones of the MM case. The 

ACMV system is modeled as a variable air volume 

system with reheat. Table 2 lists the various 

schedules used but are the same for all the studies. 

Table 3 lists operative set-ups of AC zones and the 

internal loads in each case. The operative set-up of 

the BAU case is as stated in Singapore Standards for 

Green Mark Platinum Award  (BCA GMNRB, 

accessed on 22/03/2021).   The  operative set-up, 

internal loads, and ACMV system set-up for the   AC 

zone in the MM case is a  hybrid  of ASHRAE   55-

2010 standards and Singapore  Standards  530  

(ASHRAE, ANSI, 2010),  (SS530, 2014). The 

hybrid operative specifications for the MM case were 

done to determine maximum improvements that can 

be brought about by the proposed design. Table  4 

list the building construction material specifications.  

The mixed-mode zones are modeled without an air-

conditioning system. The windows are modeled with 

a 15% opening of the total window area. The zone is 

modeled with an air vent that introduces treated air 

from the AC zone, as indicated by purple arrows in 

Figure 2. The zones are also modeled with an extract 

fan to ensure the proper airflow is achieved within 

the zone, as indicated by red arrows in Figure 2. 

 Table 1: ACMV system inputs  

ACMV  IN P U T S  BAU MM 

Reference COP 6.535 6.824 

Chiller Capacity (kW/RT) 0.538 0.515 

Fan Efficiency (%) 67.41 62 

Supply Chilled Water Temp (°C) 6.65 6.67 



                                                                                                                                                   

 

 

Set Humidity Ratio (min)(%) 0.008 0.004 

Set Humidity Ratio (max)(%) 0.01 0.006 

Set Temp (min) (°C) 12.2 12.2 

Set Temp (max) (°C) 19.9 19.9 

 

Table 2: Schedule inputs  

 

Table 3: Operative set-up and internal loads inputs  

O P E R A T I V E  SE T - U P  IN P U T S  BAU MM 

Zone Temperature Set Points 23-25 °C 25-27°C 

Zone Relative Humidity Set Point 65% 65% 

Zone Indoor Air Speed 0.2 m/s 0.4 m/s 

Occupancy Density (Office Zone)  0.05382 

(ppl/m2) 

0.05382 

(ppl/m2) 

Occupancy Density (Utility Zone) NA 0.01 

(ppl/m2) 

Lighting Power Density (Office 

Zone) 

12 

(W/m2) 

6.1 

(W/m2) 

Lighting Power Density (Utility 

Zone) 

NA 4.1 

(W/m2) 

Receptacle Load (Office Zone) 16 

(W/m2) 

12 

(W/m2) 

Receptacle Load (Utility Zone) NA 2 (W/m2) 

  

Table 4: Construction material specification inputs  

M A T E R I A L  SP E C I F I C A T I O N  

 Thickness 

(m) 

U Value 

(W/m2*K) 

SHGC VT 

Windows  0.026 1.34 0.47 0.72 

Exterior  

Wall 

0.057 0.468 0 0 

Floor 0.250 0.589 0 0 

Roof 0.186 1.623 0 0 

Results and Discussion 

The results are presented for space air performance 

as zone mean air temperature (MAT) and relative 

humidity (RH). The thermal comfort results are 

presented based on Fanger’s predictive mean vote 

(PMV) model. The thermal comfort is quantified as 

PMV and predicted percentage of dissatisfied (PPD)  

(ASHRAE, ANSI, 2010). The thermal comfort of the 

mixed-mode and naturally ventilated spaces are 

generated using the adaptive thermal comfort model 

principles. The space air performance and thermal 

comfort results are presented for the hottest day (10th 

June) of the year. The energy performance is 

measured as the sensible and total cooling load and 

the energy use intensity (EUI).  

Space Air Performance 

 

Figure 4: MAT and RH performance of AC zones in 

BAU and MM cases 

Figure 4. shows the air space performance in the air-

conditioned zone of both the cases on the hottest day. 

As seen from the graphs, the operative set-up of 

MAT and RH is met during the operational hours. 

The average MAT and RH during the operational 

hours in the BAU case are computed at 24.8 °C and 

66 %, respectively. Similarly, the average MAT and 

RH during the operational hours in the MM case are 

computed at 25.4 °C and 66.1 %.  

Figure 5 shows the space air performance in the 

mixed-mode and naturally ventilated zones in the 

MM case. During operational hours, the average 

MAT and RH in the mixed-mode zone are 30.4 °C 

and 63 %. The average MAT and RH in the naturally 

ventilated zone in the MM case are 33.4  °C and 70.6 

%. There are no mixed mode and naturally ventilated 

spaces in the BAU cases, so no MAT and RH data 

are computed. 

SC H E D U L E S  C O M M O N  IN P U T S  

Operational  5:00-23:00 (switched off on the 

weekends) 

Activity 1 MET (office activity) 

Clothing (clo) 0.6 



Figure 5: MAT and RH  performanxe of mixed-mode 

and naturally ventilated zone in MM case 

Thermal Comfort Performance 

Figure 6: PMV results of AC zones in BAU and MM 

case 

Figure 6 and 7 shows the PMVand PPD performance 

in the AC zones of the BAU and MM cases. As seen 

in the graphs, it is evident that the operative set-up of 

the BAU case does not fulfill the requirements of 

Fanger’s PMV model for thermal comfort in AC 

space. The reason is that the indoor airspeed of 0.2 

m/s specified in the Singapore Standards for the 

operative temperature between 23-25 °C is 

insufficient to produce the prescribed thermal 

comfort conditions. However, in the MM case, it is 

evident that the zones can meet the required thermal 

comfort conditions with a higher operative 

temperature range of 25-27 °C and a higher indoor 

airspeed of 0.4 m/s. Therefore, it can be concluded 

that when the operative temperatures are set at a 

higher range, it is imperative to correspondingly 

increase the indoor airspeeds in controlled (air-

conditioned) zones. 

Figure 7: PPD results of AC zones in BAU and MM 

case 

Fanger’s PMV model is only applicable to evaluating 

thermal comfort conditions in air-conditioned spaces 

(ASHRAE, ANSI, 2010). For naturally ventilated 

spaces, principles of adaptive thermal comfort are 

used. The adaptive thermal comfort model presents 

the corresponding temperature limits associated with 

the thermal sensations as a percentage of 

acceptability  (Dear et al., 2000).To establish a link 

between 80% acceptability and measured thermal 

sensation, one of the underlying assumptions of 

Fanger’s PMV/PPD indices is adopted. It is that a 

group mean thermal mean sensation (PMV) between 

the limits of + or - 0.85 corresponds with 20% of the 

group being dissatisfied (PPD)  (Dear et al., 2000). 

The evaluation of the adaptive thermal comfort for 

the mixed-mode and naturally ventilated zones is 

done using an online tool developed by the 

University of California, Berkeley’s Center for Built 

Environment  (Tartarini et al., 2020). Figure 8 shows 

that with an average MAT of 30.4 °C, a 0.3 m/s of 

indoor airspeed can meet the 80% acceptable range. 

Should the airspeed be increased to 0.4 m/s, the 



                                                                                                                                                   

 

 

space an fulfill the 90% acceptability requirement. 

Therefore, it can be concluded that the mixed-mode 

spaces can fulfill the thermal comfort condition 

requirements with a minimum indoor airspeed of 0.3 

m/s. Such airspeeds can be achieved through an 

effective natural ventilation design. 

 

 

Figure 8: Thermal comfort performance of mixed-

mode zone in MM case using principles of adaptive 

thermal comfort model  

 

 

Figure 9: Thermal comfort performance of naturally 

ventilated zone in MM case using principles of 

adaptive thermal comfort model 

 

Conversely, as seen in Figure 9, the naturally 

ventilated space does not meet the thermal comfort 

requirements under the principles of the adaptive 

thermal comfort model. The average MAT of the 

naturally ventilated zones is 33.4 °C (rounded to 34 

°C). The requirements are not fulfilled even at the 

maximum permissible indoor airspeed (1.2 m/s for 

adaptive thermal comfort with occupant-controlled 

mechanical ventilation). The naturally ventilated 

zones house utility spaces. These zones have 

different occupancies than office zones. Therefore, 

even if the zone does not meet the thermal comfort 

requirements, it can be acceptable.  

Energy Performance 

The building design, orientation, and construction 

directly impact the sensible cooling load. Therefore, 

it is essential to see the impact of mixed-mode design 

on the sensible cooling load (SCL) and thereby on 

the total cooling load (TCL). As seen in Figure 10, 

the introduction of mixed-mode zones and 

segregation of utility zones has brought a 28 % 

reduction in the SCL and the TCL.  

 

 

Figure 10: Sensible and Total Cooling Loads on the 

hottest day and average annual for BAU and MM 

case 

 

 

Figure 11: Comparative performance analysis: EUI 

and floor area overview of the BAU and MM case 

The translation of SCL and TCL in energy can be 

understood as energy use intensity (EUI). The EUI is 

a globally adopted measure of energy performance 



for the building sector and is measured as 

energy/floor area (in the present case as kWh/m2). 

The floor area of a building influences the EUI. 

Therefore, it is essential to understand the total, 

conditioned, and unconditioned space in each case. 

As seen in Figure 11, The MM case is designed with 

40% naturally ventilated (without any mechanical 

ventilation) floor space (the BAU case is 100% air-

conditioned). The 40% naturally ventilated space 

includes the mixed-mode office zones (31%) and 

peripheral utility zones (9%). The EUI of the MM 

case is computed as 49% lower than the BAU case. 

Conclusion 

The latest building performance benchmarking report 

produced by the Building Construction Authority 

(BCA) of Singapore suggests an expected 

performance of EUI for large office buildings in 

Singapore. The target EUI for offices greater than 

20000 m2 area is expected at 218  kWh/m2  

(Singapore BCA, 2020).   The proposed integration 

of mixed-mode office spaces and segregation of 

utility zones can significantly lower the EUI of a 

high-performance office building in hot and humid 

climates like Singapore without compromising 

occupant thermal comfort. From the study, it can be 

concluded that when 30 % of the total floor area is 

dedicated to mixed-mode offices, 35 % EUI 

reduction can be brought about from the present-day 

EUI benchmark of 218 kWh/m2 for large office 

buildings.  

Outlook 

The limitation of the result is the lack of empirical 

data. Therefore, although the simulation models were 

validated, there is a need to test the theory of the 

zonal ventilation strategy in a controlled 

environment. More accurate and extensive empirical 

data would establish the performance and importance 

of mixed-mode zones in office buildings.. 
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