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Abstract: In the wake of Green Building Revolution in India, more buildings are now attempting to build 
and certify green. The rating systems which are applicable for certification, evaluate these buildings 
based upon established criteria ranging from building envelope, water efficiency, energy efficiency, 
landuse, material optimization, indoor air quality to transport, operations, maintenance etc. However 
no credit is awarded to spatial design in achieving efficiency. In response to this issue, a new evaluation 
tool was evolved namely Difference in Uncomfortable Hours Outside Vs Inside. This tool evaluated the 
building in response to the climate in which it was placed. In simple terms, thermal conditions outside 
the building were compared with thermal conditions created inside due to design. However, to use 
DUHOI as an established tool for evaluating efficiency of architectural design in bringing in thermal 
comfort, bandwidths for each climatic zone have to be set. This can be done by evaluating best 
examples and also the seemingly bad examples based upon our understanding of passive architecture. 
This research work is limited to establishing a bandwidth of DUHOI for Hot-Dry climate of India. A range 
of buildings from hot-dry climatic zone are identified and simulated using whole building simulation 
tool. DUHOI is then calculated for each building. In this manner, a benchmark can be set and all 
buildings aspiring for green building certification would work for architectural design efficiency as a 
prerequisite. This would lead to an overall improvement in building performance. 

Keywords: Thermal comfort performance assessment. 

1. Introduction 

Architects and engineers across the world are attempting to create buildings which consume zero 
energy or at least minimum energy. This is evident from the steep statistical rise in the floor area 
registered with various leading Green Building Rating systems in India and world over (www.igbc.in). 
The buildings are rated on the basis on a number of parameters ranging from Site and transport, Energy, 
Indoor Environment, Materials and waste, Water and Operations and maintenance (Liu, 2010). Different 
rating systems across the world have classified parameters under these broad themes however the 
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weightage of themes vary from one system to other (Fowler K M et al, 2006). Of all the themes, 
maximum weightage is given to energy by all rating systems uniformly (Agrawal et al., 2014). 

While quantifying the energy efficiency of a building, weightage is assigned for Building envelope, 
HVAC, Service Water Heating, Power, Lighting and other systems. Building envelope focuses on Building 
Orientation, WWR, Fenestration design, type of glass being selected and opaque assemblies (Fowler et 
al., 2006; Ballinger, 1988). Whether the approach is prescriptive or whole building performance method, 
quantitative assessment of design for achieving energy efficiency doesn’t feature anywhere (Happio, 
2008). Therefore in most of the certified green buildings, it is seen that buildings have employed best 
systems which reduce the operational energy requirement (better lighting fixtures, HVAC systems, 
pumps etc.) and also the building envelope (improved glass, wall assembly, insulation, roof material 
etc.). However majority of the buildings have not really considered architectural spatial design as the 
first step. Architectural spatial design implies inter relationship of spaces with each other and outdoors 
through envelope and fenestration. In essence, envelope and fenestration material (also WWR) is often 
included in rating systems. But, the capability of architectural spatial planning in bringing in substantial 
reduction to energy consumption has largely been ignored (Cole, 2012). 

One of the most important reasons is that rating systems which are applicable in India are all 
borrowed in principle from western countries which are predominantly cold. For improving energy 
efficiency of buildings in cold climate, building envelope needs to be insulated and tight with minimal 
infiltration, more sun facing glass with low U-value and efficient HVAC and lighting systems are required. 
The issue becomes significant and different for a country like India where there is a variety of climates 
(ECBC, 2007). The response is required in terms of better designed buildings which can provide 
thermally comfortable environment even without addition of any mechanical means. This approach is a 
preventive approach and also affects the stakeholder behavior (Plessis et al., 2011). However, the 
motivational factor in terms of rating system (policy push) is required. Thus the need is to develop a tool 
which evaluates the effectiveness of any architectural spatial design (inclusive of envelope) in any 
climatic context (normalization) in bringing in energy efficiency (Haas, 1997). 

2. Existing attempts towards normalization tools 

At present, the way building efficiency is evaluated with the help of whole building simulation tools is 
prejudiced and biased. It considers a hypothetical base case based upon the prescriptive values as per 
standard document or code; say ASHRAE 90.1 in case of LEED or energy consumption baseline in case of 
GRIHA (ASHRAE 90.1; ECBC, 2007). Architectural design remains same for base case and proposed case. 
Energy Conservation Measures (ECM’s) are then added to proposed case (which mainly comprise of 
alternatives of building construction/ building envelope and mechanical systems) and performance of 
building is evaluated. In this entire process, potential of a better spatial design’s contribution towards 
energy efficiency is not being evaluated. The aim should be to evaluate performance of building design 
including building envelope and fenestration (location and schedule of operation) in achieving thermal 
comfort which would lead to energy efficiency. 

For achieving this aim, a simple tool may seem to be the use of Thermal Comfort Indices. However, 
the issue of normalization for different climatic zones is ignored through this. For example, a building in 
Jaipur (hot-dry climate) may be good yet be having more uncomfortable hours as compared to a 
building in Bangalore (moderate climate) simply because outside climate has more number of 
comfortable hours in Bangalore as compared to Jaisalmer. Several attempts have been made across the 
world by researchers towards normalization and evaluation of building efficiency. The prime objective 
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however was to normalize weather to calculate the impact of weather variations on building 
performance. The Princeton Scorekeeping Method (PRISM)’ (Fels et al., 1986), was developed to 
calculate energy consumption for individual house’s cooling and heating without integrating the two 
(Reynolds et al., 1988). Building Energy Analysis Consultant (BEACON) system was developed by Haberl 
et al (1988), which is capable of continuously monitoring and diagnosing the operation and maintenance 
problems identifying the causes of abnormal energy consumption. Eto (1988) developed a simulation 
model which accounts for temperature forecasting based on weather conditions of a decade. Radu 
Zmeureanu (1992) presented a new method for weather-normalization which considers weather as a 
factor contributing to energy consumption. However, none of the weather normalization techniques 
discuss the impact of architectural design on thermal comfort normalized to the weather to which 
building is exposed.  

3. DUHOI – Difference in Uncomfortable Hours Outside vs Inside 

DUHOI- The tool is a simple calculation tool based upon TSI (Tropical Summer Index). As the name 
suggests, the tool is intended to calculate the difference of TSI from outside to inside. If the difference 
between TSI outside and TSI inside is more (where TSI inside falls in the range of Thermal Comfort), the 
ability of building design to convert uncomfortable hours outside into comfortable hours inside is better. 
Or in other words, Higher value of DUHOI would imply a better performing building. 

3.1. Tropical Summer Index  

TSI is defined as the temperature of calm air, at 50 percent relative humidity which imparts the same 
thermal sensation as the given environment. The 50 percent level of relative humidity is chosen for this 
index as it is a reasonable intermediate value for the prevailing humidity conditions (Sharma, 1986); SP 
41 (2001); SP 7 (2005). Mathematically, TSI (°C) is expressed as: 

TSI = 0.308 Tw + 0.745 Tg – 2.06 √(V+0.841) (1) 

Where  

Tw = Wet Bulb temperature in ° C, Tg = Globe Temperature in ° C, V = Air Velocity in m/s. 

 

For indoors, Globe temperature can be replaced with Dry-Bulb temperature. It is because Globe 
temperature takes into account Dry-Bulb temperature as well as effect of direct radiation also. Thus in 
the absence of radiation, globe temperature is almost the same as DBT. The environment was found 
comfortable between 25 to 30 TSI. It was tolerable up to 34 and down to 19. Lesser than 19, it was 
considered as too cold and beyond 34 it was considered as too hot. The TSI decreases further with 
increase in air velocity. 

3.2. Calculating DUHOI 

DUHOI can be very conveniently calculated using building simulation data from existing building 
simulation software in a step wise manner as follows (Table 1). 

 Building is modelled as per the proposed geometry and construction systems but without any 
energy consuming/energy producing active system in place such as lighting, HVAC, equipment 
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etc. Fenestration is modelled as proposed with opening schedules. Occupancy schedules, 
natural ventilation schedules, activity schedules and infiltration rate is input as proposed.  

 Annual simulation on hourly basis is carried out to obtain data for each habitable zone- Air 
temperature, relative humidity and air speed. However since most software are unable to 
calculate air speed inside the building, it has to be calculated manually using SP41.  

 Once the data has been obtained for the three parameters, TSI is calculated for all habitable 
spaces hourly as per the expression of TSI. Along with it, TSI for outside conditions is also 
calculated without taking into considering the radiation. It is done to ignore the effect of 
building providing only shade from sun. 

 Difference in TSI outside (TSIo) and inside is then calculated to know whether building has 
contributed towards thermal comfort or not based upon assumptions and guidelines in section 
3.3 of this paper.  

 Difference of TSI for all habitable spaces for all the hours is calculated and averaged for number 
of habitable spaces and total number of hours. The value thus obtained is called DUHOI. Each 
building will have only one value for DUHOI. 

Table 1: Hourly TSI values for Habitable Spaces in Case 1 
Time Baithak 

(Living) 
Rasodha 
(Kitchen) 

Chaughara 
(Master 
Bedroom) 

Pauli  
(Transition) 

Sal 1 
(Bedroom) 

Sal T 
(Bedroom) 

TSI o 
(TSI 
Outside) 

0:00 31.8 32.1 32.1 32.5 31.1 32.6 34.3 

1:00 31.6 31.9 31.8 32.2 30.9 32.3 33.6 

2:00 31.3 31.6 31.5 32.0 30.6 32.1 32.8 

3:00 30.9 31.3 31.2 31.7 30.4 31.8 31.0 

4:00 30.7 31.1 30.9 31.5 30.3 31.7 30.2 

5:00 30.4 30.9 30.7 31.3 30.1 31.5 29.4 

6:00 30.5 31.0 30.8 31.4 30.3 31.6 30.4 

7:00 30.9 31.3 31.2 31.7 30.6 32.0 31.2 

3.3 Assumptions and conditions 

 Only habitable spaces are accounted for in this calculation. Service and ancillary areas such as 
circulation, toilets, machine rooms, kitchens etc are not included while calculating TSI and 
DUHOI. 

 When TSI inside is brought towards comfort it is counted as positive; if it is taken away from 
comfort it is taken as negative; based upon the comfort limits of TSI i.e. 25-30. Table 2 

 If there is an open area in the building which is being used as suggested through the schedule of 
activity; and when TSIo is in comfort range and TSIi is outside comfort range during use of such 
an open area, negative difference will be ignored. 

 In case of large building complexes, such as campuses, mutual shading and local wind pattern of 
building complex will be accounted for in simulation. 

 If outside TSI is in comfortable range and inside also is in comfortable range, the difference is 
not counted. 
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Table 2: Table showing Difference of TSI Outdoors Vs Indoors for Uncomfortable Hours Outside. Table 
continues for 8760 hours. 

Time Baithak 
(Living) 

Rasodha 
(Kitchen) 

Chaughara 
(Master 
Bedroom) 

Pauli  
(Transition) 

Sal 1 
(Bedroom) 

Sal T 
(Bedroom) 

0:00 2.5 2.2 2.2 1.8 3.2 1.7 

1:00 2.0 1.7 1.8 1.4 2.7 1.3 

2:00 1.5 1.2 1.3 0.8 2.2 0.7 

3:00 0.1 -0.3 -0.2 -0.7 0.6 -0.8 

4:00 -0.5 -0.9 -0.7 -1.3 -0.1 -1.5 

5:00 -1.0 -1.5 -1.3 -1.9 -0.7 -2.1 

6:00 0.7 0.2 0.4 -0.2 0.9 -0.4 

7:00 0.3 -0.1 0.0 -0.5 0.6 -0.8 

 

DUHOI = (∑ dT) ÷ N×h (2) 

Where 

∑ dT = Summation of difference in TSI values of all habitable spaces to TSI Outside 

N = Number of Habitable Spaces Analyzed  

H = Number of Hours 

3.4 Interpreting DUHOI 

Negative value of DUHOI implies that building is unable to convert outside uncomfortable conditions to 
comfortable conditions inside. This implies building has an ineffective architectural design which is 
unable to bring in thermal comfort. In such a case architectural design needs to be revised in order to 
make building more comfortable. A positive value of DUHOI implies that the building has been able to 
convert uncomfortable hours outside into comfortable hours inside. Hence architectural design is 
efficient and appropriate. 

Higher positive value of DUHOI implies building is more efficient and the difference from outside to 
inside in bringing in comfort is high. Thus the building would be able to perform well even in extreme 
climatic conditions. A smaller positive value implies building will be able to provide comfort but not in 
extreme conditions. In such a case the climatic data needs to be analysed to see how much difference is 
appropriate. However for DUHOI to be used as a standard tool to evaluate building performance, a 
range needs to be calculated to know what value of DUHOI is good, best or just sufficient.  

4. Calculating DUHOI range for hot-dry region of India 

4.1. Hot Dry region of India 

A hot and dry climate is characterized by a mean monthly maximum temperature above 30 ºC. The 
region in this climate is usually flat with sandy or rocky ground conditions. Solar radiation is intense and 
sky is mostly clear. Humidity is very low owing to scanty rainfall. In this climate, it is imperative to 
control solar radiation and movement of hot winds. <http://high-performancebuildings.org > 
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4.2. Traditional vernacular architectural features  

Physiological objectives of buildings in Hot-dry regions are (Koenigsberger et al., 1973)- To cut off direct 
solar radiation; To increase thermal mass; To divert hot winds;To ventilate during night to flush out the 
heat gained during the day. In order to achieve these objectives, some architectural features have found 
a continued use in buildings; such as Jali screens (for cooling the hot air from outside to inside by 
Venturi effect), thick walls (to increase thermal mass in order to maintain time lag), shading over walls 
and fenestration (to cut off direct sun), courtyard (to induce air movement during day and to facilitate 
night flush out), semi open verandahs and colonnades (to cut off direct sun from reaching enclosed 
spaces) etc (Cooper et al., 1998). 

4.3. Case studies 

For the limited scope of this paper, five cases have been selected. These are- Sangath- Architect B V 
Doshi’s studio in Ahmedabad; Youth Hostel, Jodhpur; Haveli (residence) of Babulaji Gudha, Mukundgarh, 
Rajasthan; Haveli of Ishwaridas Modi, Jhunjhunu, Rajasthan; and one contemporary individual residence 
in Jaipur. 

Table 3: Case Study Details 

Name Ground Floor Layout GF area Floor Construction 
Details 

Additional feature 

Sangath- 
Architect’
s Studio, 
Ahmedab
ad 

 

300 m² 01 (02 
in 
some 
areas) 

Cavity brick wall- 
315-100-230, 
China mosaic on 
roof (10cm thick) 
with semi circular 
vault 

Cavity wall with 
windows on inner wall 
at the top and outside 
at regular height 

Youth 
Hostel, 
Jodhpur 

 

100 m² 02 315mm thk brick 
wall, concrete 
slab roof with 
cavity 40cm thick 

Shaded and recessed 
windows; staircase as 
wind tower; Cavity wall 
in room for exhaust 
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Name Ground Floor Layout GF area Floor Construction 
Details 

Additional feature 

Babulalji 
Gudha 
Haveli, 
Mukundg
arh, Sikar, 
Rajasthan 

 

539 m² 
(includi
ng 
courtya
rd) 

01 + 
130 
m² on 
first 
floor 

50 cm thick wall 
with lime plaster, 
Lime mortar roof 
25 cm thick , 
wooden shutter 
for windows 

Courtyard with semi 
open verandahs; small 
windows with thick 
wooden shutters; 
Projected jharokhas 
cutting direct sun; 
Reflective lime plaster 
inside; High plinth; Soft 
court inside; Hard 
paved court outside; 
Longer N-S axis 

Ishwarida
s Modi 
Haveli, 
Jhunjhun
u, 
Rajasthan 

 

1100m² 
(includi
ng 
courtya
rd) 

01 + 
lower 
groun
d/ half 
basem
ent 

Contemp
orary plan 

 

60 m² 02 230mm brick 
wall, 150 mm 
concrete roof, 
single glazed 
windows 

No particular 
consideration for 
orientation; Design 
attempts to achieve 
mandatory ventilation 
in all spaces 

 
The first four cases have been appreciated as excellent examples of energy efficiency and passive 
designing. The fifth one is a contemporary design which is common in India scenario these days. The 
design as well as construction of the residence is a typical representation of current practice. 

4.4. Schedule for openings 

In hot-dry regions of India, in naturally ventilated buildings, people close their windows in winter nights 
and summer noon to cut off the extreme heat exchange. Accordingly, for all the case studies, same 

N

N
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window opening schedule has been used considering that if the building is correctly operated, what 
would be the building performance. 

 

 

Figure 1: Design Builder Screen shot of window opening schedule used for simulation of case studies 

4.5. Lighting, HVAC and Activity 

Lighting and HVAC loads have been simulated to be zero with building being assumed to be day lit and 
naturally ventilated. It has been done to ensure that only building design (including envelope and 
fenestration) is evaluated. No artificial systems have been incorporated. However the activity has been 
simulated as proposed. This has been done in order to evaluate the performance of building design and 
construction irrespective of mechanical and electrical systems. 

5. Results and discussion 

All the cases are simulated using Design Builder v4 and Energy Plus engine for entire year. Air 
temperature and humidity for all the habitable spaces is obtained from simulation data. For each space 
air velocity has been calculated manually on the basis on rules and formula given in SP41. TSI is then 
calculated for entire year on hourly basis for outside as well as all habitable spaces. The difference 
between TSIi and TSIo is calculated for and the total is then averaged for number of hours and number 
of spaces as per the formula for DUHOI. A final number is achieved for each case study. 

From Table 4, it can be clearly seen that Case 5 is able to maintain comfortable inside in the winter 
night even when the outside environment is uncomfortable (cold). However during the day, inside and 
outside both remain comfortable hence the difference will not be accounted. 
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Table 4: Table Showing Values of DBT, WBT and TSI for one of the Habitable Spaces of case 5 

 

Inside 
DBT (°C) 

Outside 
DBT (°C) 

Relative 
Humidity 

WBT 
(°C) 

TSIi 
(°C) 

Difference of 
TSI dT (°C) 

WBTo 
(°C) 

TSIo 
(°C) 

3/30/2002 16:00 30.99 33.47 25.24 16.1 27.1 0.0 16.4 29.1 

3/30/2002 17:00 31.12 33.1 23.38 15.7 27.1 0.0 15.6 28.5 

3/30/2002 18:00 31.26 31.73 22.22 15.5 27.1 0.0 14.6 27.2 

3/30/2002 19:00 31.28 29.8 21.37 15.3 27.1 0.0 13.5 25.4 

3/30/2002 20:00 31.27 27.2 21 15.2 27.0 4.0 12.1 23.1 

3/30/2002 21:00 31.2 24.92 20.92 15.1 27.0 5.9 11.0 21.0 

3/30/2002 22:00 31.03 22.98 20.88 15.0 26.8 7.5 10.0 19.3 

3/30/2002 23:00 29.96 22.13 22.04 14.8 25.9 7.4 9.8 18.6 

 
Similar exercise was done for all the zones of all the case studies. DUHOI was finally calculated for all of 
them. DUHOI winter and DUHOI summer were calculated using only summer hours and winter hours so 
that building performance in summer and winter could be evaluated and design optimization could be 
done accordingly. 

Table 5 Table Showing DUHOI Values 
Case Study DUHOI DUHOI Winter DUHOI Summer 

Sangath 1.33 0.82 1.63 

Youth Hostel 2.32 1.95 3.47 

Haveli Mukundgarh 1.41 1.32 1.99 

Haveli Jhunjhunu 1.86 1.88 1.76 

Contemporary residence -0.17 2.32 -1.43 

6. Conclusion 

 As compared to other case studies, contemporary residence performed poorly in summers because 
the entire structure receives direct solar radiation, cross ventilation is poor, envelope is light and 
there is no shading over fenestration and envelope. However, it performed better than other 
residences in winter as lighter fabric heated the insides during day when sunlight was available. 

 Youth hostel performed best in summers and overall because of the ventilation strategy achieved, 
shading devices which shaded the walls as well as fenestration, service areas are arranged on east 
and west; and building was fully cooled during night. 

 Traditional Havelis performed good in summers and overall because of their heavy thermal mass 
and courtyard arrangement, shading of habitable spaces using semi open verandas. 

 An exhaustive exercise is required to arrive at the bandwidth, yet from the limited work done here, 
it can be concluded that minimum DUHOI summers should be 1.75 and overall DUHOI should be 
1.25. 
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