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Abstract—Building energy simulation tools are used during the 

design process of a building to improve its energy performance. 

In this study, envelope thermal performance enhancement 

strategies were evaluated using eQUEST building energy 

simulation software considering the energy saving achieved 

related to cooling and ventilation energy consumption, for a 

tropical institutional building, in order to compare their 

performance. Fixed and building shading strategies have 

resulted for about 3.9% energy saving and other envelope 

thermal performance enhancement strategies have resulted up 

to 4.7% energy saving. Further energy consumption variation 

with envelope and roof thermal transfer values (ETTV, RTTV) 

were also evaluated. The results have shown that ETTV has 

statistically significant correlation with averaged building 

cooling and ventilation energy consumption. The findings allow 

building designers to identify the best upgrade options for 

achieving code compliance in Sri Lankan institutional 

buildings.  

Keywords—Energy simulation, eQUEST, envelope thermal 

performance enhancement, cooling and ventilation energy 

I. INTRODUCTION 

Urbanisation is one of the four demographic mega-trends, 

with the growth of the global population, population ageing 

and international migration. Tropical regions, located 

between 23.5 N and 23.5 S latitudes, include 106 countries 

and account for about 48% of global population. According 

to United Nations, the urban population in tropical regions 

in 2015 accounted for about 39% of global urban population 

and this is expected to grow up to 48% by 2050 [1]. With the 

growing trend of the urban populace to spend more of their 

time in indoor environments, the conditions and 

sustainability of the built environment has become 

increasingly important in the tropics as well as the rest of the 

world. 

Built environment in tropical regions is mostly influenced by 

European or North American countries due to their historical 

influences. Therefore, much less attention is given to the 

climatic differences during building design and construction 

stages, compared to the aesthetic trends. Thus, energy 

wastage in tropical built environment sector has increased 

largely owing to inefficient design, improper material use, 

poor understanding of thermal comfort, insufficient use of 

passive building principles and improper behavioural 

patterns [2]. Therefore, the building sector in tropical regions 

needs design and energy system interventions to improve the 

energy performance and thermal comfort, especially as built 

environment is the single largest global energy consumer 

accounting for about 40% of total global energy demand [3].  

A. Use of building energy codes for energy efficient 

buildings 

Building energy codes are regulatory instruments that 

specify minimum energy standards for residential and 

commercial buildings, which are considered as one of the 

most effective mechanisms to reduce energy use in buildings 

[4]. Previous studies have shown that energy efficient 

building codes have helped to reduce annual energy usage in 

buildings by 6-22% in Europe and by 17-42% in India. 

Similarly in China implementing building energy codes will 

result in 13-22% reduction in energy consumption and CO2 

emissions by 2100 [5]. Therefore, implementing building 

energy codes is important especially in countries with a 

booming construction sector. As an overall, building energy 

codes can help climate change mitigation, reduction in 

energy usage, improved energy security, health and comfort, 

and lower the need for energy subsidies [5]. 

Sri Lanka Sustainable Energy Authority (SLSEA) has 

published the energy efficient building code of Sri Lanka 

(EEBC) according to ASHRAE standard 90.1, which intends 

to encourage energy efficient design or retrofit of 

institutional/commercial buildings considering building 

envelope, HVAC system, service water heating system, 

electrical power distribution system, lighting system and 



other energy consuming equipment as major building 

elements for energy efficiency improvements [6], [7].  

B. Building energy simulation and different software 

packages 

Building energy simulation (BES) tools plays a major role in 

integrated design process of buildings for analysing the 

energy performance and thermal comfort of the occupants 

[8]. Applications of BES tools include orientation and 

envelope optimization, building energy simulation, 

examining the suitability of sustainable materials, life cycle 

analyses to reduce embodied emissions, minimizing the 

material usage, etc. [9]. Major BES tools can be categorized 

into two groups, those using calculation engines developed 

by US Department of Energy (DOE) and others using their 

own calculation engines. DOE developed BES tools include 

eQUEST, EnergyPlus, OpenStudio, DesignBuilder, and 

Autodesk Green Building Studio. Others include IES Virtual 

Environment, Trace 700, and TRNSYS [9]. These software 

packages can be used to evaluate the effect of energy 

upgrade interventions on building energy performance, 

which in turn allows easy compliance assessment for 

building energy codes.  

A previous research study done in Sri Lanka (2008) has 

studied the impact of minimum energy performance 

standards (prescribed in EEBC for building envelopes) on 

building energy loads. In which cooling energy loads were 

analysed with ETTV for five different buildings. However, 

the results have not identified a proper relationship with 

ETTV and cooling energy loads [10]. However, any further 

similar studies for Sri Lanka were not identified. 

While the EEBC specifies upgrade pathways for buildings, 

there is a clear research gap when it comes to comparing 

upgrade options for Sri Lankan institutional and commercial 

buildings in line with the building energy code, in order to 

help building developers to select the most suitable design 

interventions for the local conditions. This paper focuses on 

improving building envelope energy efficiency in the 

institutional building sector in tropical regions, considering 

a case study of an institutional building located in University 

of Moratuwa, Katubedda, Sri Lanka by evaluating the energy 

simulations made using eQUEST building energy simulation 

software.  

II. METHODOLOGY 

In this study, various building envelope and energy system 

upgrade options were identified and combined to develop 

upgrade scenarios, which were then simulated using 

eQUEST and the energy consumption of such upgrade 

scenarios were compared with base building as well as with 

ETTV and RTTV. 

A. Building model 

The selected four-storey building is a rectangular shaped 

with 83ft in length, 62ft in width and 52ft in height. The east 

wall is attached to an adjacent similar type building (Fig. 

1.a). Further, there is another one-story building near the 

north side wall (Fig. 1.b). Both of these buildings act as 

shading buildings. Window overhangs can be seen on the 

south wall. Fixed shades were built on the north wall as an 

extension of the floor. West wall does not have widow 

overhangs or fixed shades.  Fig. 1.e shows the different floor 

plans of the building including the air conditioning system 

components. Weather data were obtained for Colombo-

Ratmalana area through eQUEST compatible online weather 

files[11] .   

B. Evaluation of different envelope thermal performance 

enhancement (ETPE) strategies 

For the analysis, building envelope thermal performance was 

considered and different energy upgrade scenarios were 

modelled using eQUEST. Table 1 shows the constructed 

building envelope characteristics according to the 

observations made at the building site and building 

drawings. Space cooling and ventilation energy 

requirements were calculated for base building and each 

different scenario, to calculate the energy saving achieved. 

Since the effect of ETPE strategies on the energy saving was 

evaluated, internal energy consumptions were not 

considered as they are same for different scenarios. Table 2 

shows the proposed ETPE strategies to be used for the 

simulation.  

a. b. 

c. d. 

e. 

 Conditioned 
spaces 

 Unconditioned 

spaces 

Fig. 1: 3D model of the building and different floor plans; a), b). Building 

drawn with adjacent shading buildings; c). Building with 
window overhangs and fixed shades; d). Base building; e). 

Different floor plans (from ground floor to top floor) 

 



 

TABLE 1. CONSTRUCTED BUILDING COMPONENT 

CHARACTERISTICS 

 
TABLE 2: ETPE STRATEGIES 

Component Option Code 

Window 

Single clear 1/4 inch W1 

Single grey 1/4 inch W2 

Double clear 1/8-inch 1/4-inch air W3 

Double clear 1/8inch 1/2-inch air W4 

Triple low-E clear 1/8-inch 1/2-inch air W5 

Wall 

Hollow concrete block 8 inch A1 

Perlite filled concrete block 8 inch A2 

Brick 8 inch A3 

Brick 4 inch 2 layers with ¾ air layer middle A4 

Mineral wool insulation (R-7) A5 

Roof 

Air layer 3/4 inch (above ceiling) R1 

Carpet with fibrous pad (top) R2 

Insulation board 1 inch R3 

 

TABLE 3: DIFFERENT PROPERTIES OF THE ETPE STRATEGIES 

Property Code 

Window Wb W1 W2 W3 W4 W5 

Uf (W/m2.K) 6.31 6.17 6.17 3.23 2.79 1.28 

SC 1 0.95 0.69 0.88 0.88 0.67 

 

Wall Ab A1 A2 A3 A4 A5 

Uw (W/m2.K) 2.38 1.99 0.73 2.33 1.70 0.56 

 

Roof Rb R1 R2 R3   

Ur (W/m2.K) 2.44 1.83 1.30 1.04   

*Uf , Uw , Ur  - window, wall and roof thermal transmittance values 

* SC – shading coefficient 

Table 3 shows the different properties of the ETPE strategies 

related to energy calculations, which include both calculated 

and observed data from eQUEST material library [12]. 

C. Indoor design criteria 

Since the building is not yet occupied, indoor design criteria 

were assigned according to ASHRAE standard 90.1 and 

ASHRAE standard 62.1 [7], [13]. The building space is 

generally divided into two space groups; conditioned and 

unconditioned (Fig. 1.e). Table 4 shows the indoor design 

criteria considering all the floors. Further, only the effects of 

occupancy and lighting were considered for the calculation 

of cooling and ventilation loads. Effects of other office and 

miscellaneous equipment were not considered. 

D. HVAC system configurations 

The proposed HVAC system type by the constructor for the 

building is a variable refrigerant volume (VRV) system. So, 

HVAC system was simulated according to the Daikin VRV 

library data available for eQUEST. Fig. 1.e shows the 

sketches of HVAC distribution system, in which ground 

floor and second floor use ducting system and other floors 

use wall or roof mounted indoor units. Refrigerant is 

supplied for them from the rooftop outdoor unit through a 

piping system. Table 5 shows the key design criteria used for 

the HVAC system. 

E. Calculating envelope thermal transfer value (ETTV) 

and roof thermal transfer value (RTTV) 

ETTV and RTTV directly affect the amount of building heat 

gain through conduction and radiation. These are often 

considered in alternative compliance pathway of EEBC. 

According to EEBC following equations was used to 

calculate ETTV.  

���� = 12�1 −		
�� + 3.4�		
��� + 211�		
���������      (1) 

Here CF is the correction factor for solar heat gain through 

fenestrations. CF values are required due to the differences 

in building orientation and solar pitch angles. Table 6 shows 

the CF values used according to EEBC considering a pitch 

angle of 900 [6].  

Since the roof doesn’t contain any skylights, RTTV can be 

obtained from the following equation according to EEBC.  


��� = 12.5����       (2) 
 

TABLE 4: INDOOR DESIGN CRITERIA 

Space type 
% Floor 

area 

Lights 

W/sqft 

Occupancy 

Sqft/P 

Ventilation 

Cfm/P 

Lecture 

room 
14.0 0.81 16 8 

Laboratory 18.3 1.81 40 17 

Computer 
lab 

4.3 1.21 40 15 

Meeting 

room 
3.4 1.07 20 6 

Office space 15.7 0.93 200 17 

Multiuse 

assembly 
23.2 1.23 

Unconditioned spaces 
Corridor 16.1 0.66 

Wash room 4.9 0.85 

 
TABLE 5: HVAC SYSTEM DESIGN CRITERIA 

Design criteria Value 

Minimum design flow 0.5 CFM 

Heating temperature 22 0C 

Cooling temperature 27 0C 

Cool air supply temperature 12 0C 

Condenser type Air cooled 

Minimum efficiency (EEBC) 10.6 EER 

Component Construction material 

Wall (Ab) 

 

Cement plaster with sand aggregate 1 inch 
(outside) 

Concrete block (Light weight), concrete filled, 8 

inches 
Cement plaster with sand aggregate 1 inch 

Gypsum plaster 1/2 inch (inside) 

Window (Wb) 
Single layer clear 1/8-inch glass/ 1.4-inch 
aluminium frame 

Roof (Rb) 

Clay tile, paver 3/8 inch (outside) 

Cement plaster with sand aggregate 1 inch  

Concrete 140lb (heavy weight), 6 inches 
Cement plaster with sand aggregate 1 inch 

Gypsum plaster 1/2 inch (inside) 

Window overhangs Depth 2 ft with 0 ft distance from 
the window (south wall only) 

Fixed shades Depth 3 ft north wall and top floor  

Window area  1896.1 ft2 Wall area  13183.9 ft2 

Window: wall ratio (WWR) 0.14 



TABLE 6: CF AND WWR VALUES FOR DIFFERENT 

ORIENTATIONS 

 
Orientation 

North East South West 

CF 0.8 1.13 0.83 1.23 

WWR 0.21 0 0.16 0.26 

 

F. Calculating the energy saving 

Energy savings were calculated according to following 

equation. 

������� = ���� − �� (3) 

 

Here Esaving is the energy saving achieved, Ebase is the energy 

consumption of the base model and Ei is the Energy 

consumption of ith
 option.  

III. RESULTS AND DISCUSSION 

 

A. Effect of fixed and building shading on building 

cooling loads  

Initially, building energy consumption was modelled 

considering three different shading scenarios; a) building 

with no window over hangs or fixed shades (Fig. 1.d), b) 

building with window overhangs and fixed shades (similar 

to the constructed building (Fig. 1.c)) and c). building with 

nearby shading buildings (Fig. 1.a, 1.b). Fig. 2 shows the 

monthly energy consumption for scenario ‘a’. Scenario ‘a’ 

is considered as the base building condition. When 

considering the cooling load variation among the different 

months, no significant change was observed as the 

temperature variations are small in tropical climates. March 

and August are the warmest months in Sri Lanka, and the 

highest cooling loads could be observed during those 

months.  

According to Fig. 3 fixed shades and window overhangs 

have resulted in 1.65 % reduction in cooling energy 

consumption and that energy saving is increased up to 

4.25% due to the nearby shading buildings. However, the 

lowest ventilation energy requirement was seen with 

scenario ‘a’, which can be due to the lower disturbances.  

 

Fig. 2: Monthly energy consumption for scenario ‘a’ 

 
Fig. 3: Yearly cooling and ventilation energy consumption for different 

scenarios ‘a’, ‘b’ and ‘c’ 

 

Combined total energy requirement has been reduced by 

3.9% in scenario ‘c’ compared with scenario ‘a’. According 

to similar research study [14] done in Turkey, about 7.5 % 

reduction in building cooling loads can be achieved when 

using window overhangs (with 50% glazing) and 13.3 % 

reduction when the building is covered with shading 

buildings from all the four sides. Those results were obtained 

by using eQUEST.   Software for summer (avg. temperature 

was 25.1 0C), by comparing with AHSRAE standard 90.1 

building.  

B. Effect of ETPE strategies on building cooling loads 

By taking aforementioned scenario ‘a’ as the base building 

option, different envelope thermal performance 

enhancement strategies were evaluated based on the energy 

saving achieved.  

a. Different combinations of ETPE strategies 

Table 7 shows the different ETTV values obtained for 

different wall and window combinations in the ascending 

order. Of those 25 ETTVs, 10 were selected for energy 

simulation purposes. Fig. 4 shows the probability density 

data of selected and total ETTV combinations.  

b. Effect of ETTV on envelope energy performance 

enhancement strategies 

Fig. 6 and Fig. 7 show the averaged energy saving and 

energy consumption.  by different ETPE strategies. 

According to Fig. 7.a. the averaged energy loads for all the 

40 combinations show statistically significant (P=0.028) 

corelation with ETTV (R2=0.47). Further the linear trend in 

Fig. 7.a (y=0.076x+92.2) shows that decrease of ETTV in 1 

W/m2 will result in 76 kWh of annual energy saving. Energy 

loads have shown increasing trend with the RTTV values 

(Fig. 7.b). Since only four RTTV values were used it is 

difficult to study the statistical significance of RTTV vs 

energy load.  

According to Fig. 6, W5-A2 combination has resulted in the 

highest averaged energy saving and W2-A3 option has 

a b c

Cooling (MWh) 90.3 88.81 86.46

Ventilation (MWh) 7.58 8.68 8.2

Total (MWh) 97.88 97.49 94.66
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resulted the lowest.  Though they are not the lowest and 

highest combinations for ETTV they are close to the lowest 

and highest. Further all the linear trends in Fig.8 were 

statistically insignificant with P>0.05. Adjusted R2 values 

were also less than 0.23. If the number of data points could 

be increased better correlations could be observed.  

According to Fig. 8, for Rb, R1 and R3 increasing trend in 

energy loads with ETTV could be observed. Further highest 

energy saving was observed with R3 option, which has the 

lowest RTTV value. However, R2 option has resulted least 

energy saving even though RTTV value is the second lowest. 

Further, with increasing ETTV cooling loads tend to 

decrease for R2, in contrast to Rb, R1 and R3. R2 has a 

fibrous layer and when directly exposed to sunlight, it tends 

to absorb energy from solar radiation and can act as a heating 

source to the building. Therefore, R2 is not suitable for 

outdoor surfaces and can be used for indoor environments.  

When calculating ETTV and RTTV, heat conduction 

through walls and windows, solar absorptance of opaque 

walls and solar heat gain through windows are considered 

[15], [16].  Apart from ETTV and RTTV, building cooling 

loads are affected by air leakage and dynamic change of air 

enthalpy and cooling coil load [15]. Previous research 

studies done in Singapore have shown that ETTV has  a 

higher correlation with building cooling loads for both 

commercial and residential buildings [16], [17]. 

TABLE 7: ETTV (W/m2) VALUES FOR DIFFERENT 

COMBINATIONS (DARKED COLUMNS SHOW THE SELECTED 

COMBINATIONS) 

Comb. ETTV Comb. ETTV Comb. ETTV 

W5 A5 28.3 W1 A5 40.0 W4 A1 50.5 

W5 A2 30.0 W1 A2 41.7 W3 A1 50.7 

W2 A5 31.5 W5 A1 42.8 W1 A4 51.6 

W2 A2 33.2 W2 A4 43.1 W4 A3 53.9 

W4 A5 35.9 W2 A1 46.0 W3 A3 54.2 

W3 A5 36.2 W5 A3 46.3 W1 A1 54.5 

W4 A2 37.7 W4 A4 47.5 W1 A3 58.0 

W3 A2 37.9 W3 A4 47.8  

W5 A4 39.9 W2 A3 49.5 Wb Ab 58.0 

  
 

 

 
Fig. 4:  

probability density 

of all the ETTVs (in 
black colour) and 

selected ETTVs (in 

red colour) 

Fig. 5: Combined cooling and ventilation energy loads comparison with 

base case and different ETPE strategies for different roof types selected  
 

TABLE 8: COOLING AND VENTILATION ENERGY USAGE 

ACCORDING TO DIFFERENT ENERGY PERFORMANCE 

UPGRADE COMBINATIONS 

Combination Space cooling 

(MWh) 

Ventilation 

(MWh) 

Total 

(MWh) 

Base Wb Ab Rb 90.30 7.58 97.88 

1 W5 A5 

Rb 85.50 6.66 92.16 

R1 91.09 6.44 97.53 

R2 91.54 6.23 97.77 

R3 84.85 6.29 91.14 

2 W5 A2 

Rb 86.08 6.48 92.56 

R1 84.85 6.28 91.13 

R2 93.30 6.06 99.36 

R3 85.41 6.11 91.52 

3 W2 A2 

Rb 92.00 6.87 98.87 

R1 85.68 6.68 92.36 

R2 87.26 6.48 93.74 

R3 86.11 6.53 92.64 

4 W3 A5 

Rb 88.76 8.24 97.00 

R1 87.86 7.04 94.90 

R2 89.28 6.84 96.12 

R3 87.18 6.92 94.10 

5 W1 A5 

Rb 89.85 7.57 97.42 

R1 88.94 7.38 96.32 

R2 89.06 7.18 96.24 

R3 88.34 7.28 95.62 

6 W5 A1 

Rb 90.89 6.90 97.79 

R1 84.97 6.61 91.58 

R2 92.12 6.39 98.51 

R3 84.02 6.45 90.47 

7 W2 A3 

Rb 90.69 7.03 97.72 

R1 93.36 6.86 100.22 

R2 91.73 6.64 98.37 

R3 85.45 6.69 92.14 

8 W3 A1 

Rb 88.53 7.39 95.92 

R1 87.90 7.15 95.05 

R2 88.15 6.94 95.09 

R3 87.17 7.02 94.19 

9 W1 A4 

Rb 90.19 7.40 97.59 

R1 89.22 7.21 96.43 

R2 89.44 7.02 96.46 

R3 88.57 7.10 95.67 

10 W1 A3 

Rb 89.70 7.47 97.17 

R1 88.80 7.28 96.08 

R2 89.10 7.09 96.19 

R3 88.15 7.17 95.32 

However, weak linear trends could be mainly due to the 

internal heat trap with the increased insulation [10] and also 

due to the heat gains other than ETTV and RTTV. 
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a).                                                               b).    

                      

Fig. 6: Averaged energy saving by different ETTV combinations and 
different roof types 

 

a)  b).  

Fig. 7: Variation of combined cooling and ventilation energy 
(averaged) with ETTV and RTTV 

a) Rb b) R1 

c) R2  d) R3 

Fig. 8: Variation of combined cooling and ventilation energy with 

ETTV according to different roof modifications 

 

IV. CONCLUSIONS AND FUTURE WORK 

Different ETPE strategies have resulted in averaged energy 

savings between 0.8-4.3% for different ETTV combinations 

and 1.1-4.7% for different RTTV combinations, whereas the 

energy saving due to shading was about 3.9%.  Statistical 

significance of the cooling load variation with ETTV and 

RTTV could be improved with having more data points. So 

rather than short listing the combinations, it will be better to 

include all the possible combinations for a future study.  

Further, since other indoor energy uses were not considered, 

the results can change with their addition. Daylighting was 

not considered in this study and if daylighting could be 

included more energy saving could be obtained. Thus, as 

future work, other indoor energy loads and daylighting 

should be considered. This is a case study done for a selected 

building in Sri Lanka and the results are in alignment with 

similar previous studies done for Sri Lanka [10]. While the 

findings can be used to compare thermal performance 

enhancement interventions in tropical humid environments, 

further research is needed to validate the simulation results 

and identify the optimal strategies for Sri Lanka. 
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