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ABSTRACT 

Nepal is witnessing a more rapid temperature increase compared to the global average, 

heightening concerns about potential thermal discomfort and its impact on the workplace 

environment. Addressing this, there is a critical need to prioritize improvements in the 

indoor thermal conditions of office buildings to mitigate potential adverse effects on 

occupants. The indoor environmental quality, encompassing thermal comfort and indoor 

air quality, holds substantial sway over occupants' well-being and productivity in office 

settings. Therefore, fostering a comfortable and productive working environment is 

paramount for effective work outcomes. The scientific community, particularly in building 

analysis, has shown increased interest in issues related to thermal comfort and indoor air 

quality, evident in recent revisions to the Directive 2018/844/EU on the energy 

performance of buildings. 

This study aims to report on the thermal environment conditions in free-running and mixed-

mode office buildings and assess the thermal perception of office employees during the 

summer season. Through physical parameter monitoring and survey questionnaires 

conducted in Kathmandu Valley during June-July 2023, the study determined the comfort 

temperature using Griffiths' method. The results indicate comfort temperatures of 27.21 °C 

and 26.81 °C during the summer season in free-running and mixed-mode buildings, 

respectively. Throughout the field survey, indoor thermal comfort was observed within a 

range of 21 °C to 32.8 °C. The findings reveal that office employees found these 

temperature ranges tolerable, demonstrating their adaptability to CO₂ exposure, consistent 

with previous research. 

Moreover, the study highlights that CO₂ concentrations in both free-running and mixed-

mode buildings remained within limits set by ASHRAE 62 guidelines, suggesting good 

indoor air quality, ample ventilation, and occupant well-being. While these findings are 

promising, a more in-depth longitudinal study incorporating all relevant parameters is 

recommended for precise results regarding indoor thermal environments. Future research 

endeavors should continue exploring a comprehensive understanding of indoor 

environmental quality to further enhance our knowledge in this domain. 
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CHAPTER-1: INTRODUCTION 

1.1. Background 

Currently, the operation of buildings accounts for a large portion of total primary energy 

consumption. Building only absorb 40% of energy when compare to other sector [1], with 

heating, ventilation and air-conditioning (HVAC) systems being the main energy 

consumers in buildings contributing to emission of GHG gases resulting climate change. 

While developed countries are predicted to consume more energy than developing 

countries by 2024, it is expected that emerging countries would consume more energy than 

developed countries [2]. Aligning the architectural design and thermal efficiency of a 

building with the specific characteristics of the local climate is a pivotal aspect of passive 

design strategies. This approach aims to minimize energy consumption while enhancing 

the overall thermal comfort for occupants [3]. However, one of the most significant tasks 

is to improve indoor thermal comfort and reduce energy consumption in buildings as to 

mitigate the climate change [1].  

Thermal comfort have been considered an inevitable indicators for indoor quality defined 

by ASHRAE Standard 55 as a state of mind that is evaluated by subjective assessment and 

reflects satisfaction with the thermal environment. In addition to being the definition of a 

person's awareness of the thermal atmosphere, thermal comfort is also the state in which a 

person feels neutrally heated or cooled, without sweating [4]. The person's location, as well 

as the climatic conditions within and outside the enclosure, influence their thermal comfort 

standards .The largest impact on occupant comfort and productivity among all other criteria 

is thermal comfort [5]. The credibility of the adaptive comfort model has gained 

acknowledgment from contemporary comfort standards like ASHRAE Standard 55, EN 

15251, and specific national guidelines such as China's GB/T 50785. This recognition is 

attributed to ongoing research efforts by various scholars, including Brager and de Dear, 

as well as Nicol and Humphreys [6]. 

Most adults dedicate approximately 90% of their time indoors, while children spend about 

75% of their time in indoor environments [7]. The predominant reason for adults spending 

the majority of their time indoors is largely attributable to occupational demands. In the 
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last five decades, a substantial shift from outdoor or factory work settings to indoor office 

environments has occurred, driven by extensive industrialization and urbanization trends. 

In offices, indoor environmental quality significantly influences occupants' comfort and 

productivity, hence for occupants to work effectively, a productive and comfortable 

working environment is a crucial and fundamental requirement [8]. A pleasant working 

atmosphere is essential for employees to concentrate and perform well. This will improve 

the quality of life at work as well as the performance of office workers, resulting in 

improved organizational performance.   

In the context of the worldwide effort to curtail energy consumption in buildings, a 

frequently proposed strategy involves the integration of natural ventilation alongside 

HVAC systems. The adoption of mixed-mode operation in buildings, as opposed to relying 

solely on air conditioning, represents a climate adaptation advancement that typically leads 

to diminished energy usage [9]. Nonetheless, there is disagreement over comfort levels, 

and forecasting energy usage and demand in the context of global warming is challenging. 

Nepal is a developing country where the urbanization process is very fast and located at 

with 28°N latitude and 84°E longitude. It has a very diverse and complicated climate that 

is influenced by the geography, regional weather systems, and uneven terrain [10]. In the 

last few decades, Kathmandu valley is the largest and fastest growing city where the office 

buildings are significantly located. The climate of Kathmandu can be classified as warm 

and cool temperate climate. This paper primarily focuses on inhabitants' perceptions of 

comfort and analyses room temperatures of free running and mixed –mode office buildings 

in Kathmandu Valley. 

1.2. Need of Research 

The urbanization trend in Nepal, is growing at 6.5% per year, particularly evident in the 

rapid growth of Kathmandu Valley [11] , highlights the need for focused research on the 

thermal comfort and indoor air quality in office buildings. [12]The population of 

Kathmandu Valley has surged, with estimates projecting a doubling by 2030, largely driven 

by rural-urban migration. This urban expansion is mirrored by a substantial increase in 

built-up areas, particularly in residential and mixed residential/commercial zones [13]. 
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Considering that individuals typically spend a significant portion of their waking hours in 

offices, the conditions within these spaces are crucial. Furthermore, office buildings 

represent a substantial portion of non-residential constructions, making up 23% of 

conditioned areas, second only to wholesale and retail buildings [14]. Therefore, 

understanding and optimizing the thermal comfort and indoor air quality in office buildings 

is imperative for sustainable urban development. 

Despite efforts to enhance energy efficiency without compromising comfort, there remains 

a significant gap in research, especially concerning office buildings. While studies have 

been conducted on residential, commercial, and school buildings, the specific requirements 

and challenges faced by office spaces have been relatively understudied [15]. Recognizing 

the unique dynamics of office environments, a comprehensive investigation is needed to 

establish thermal comfort standards that align with the specific conditions of Kathmandu 

Valley. 

The climatic conditions of Kathmandu Valley further emphasize the necessity for context-

specific standards. Generic comfort levels may not be suitable in all areas, making it 

imperative to develop climate-specific thermal comfort standards [16]. By conducting a 

detailed case study focusing on Kathmandu Valley, researchers can gain insights into the 

region's unique challenges and requirements regarding thermal comfort and indoor air 

quality in office buildings. 

Ultimately, this research is not only academically valuable but also holds practical 

significance. Establishing context-specific standards will empower decision-makers to 

formulate and implement policies aimed at reducing energy consumption in office 

buildings effectively. This, in turn, contributes to sustainable urban development in 

Kathmandu Valley and serves as a model for similar metropolitan areas facing comparable 

challenges in South Asia. 

1.3.  Problem Statement 

There is growing concern about the influence of climate change on internal summertime 

temperatures in buildings, as future summers are expected to be both warmer and drier, 

with an increase in the occurrence of high temperatures [17]. Elevated temperatures in 
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office buildings, as it has direct impact on the indoor thermal comfort and indoor air quality 

that determines the productivity and wellbeing of the occupants and primarily influence 

the rate of energy consumptions [18]. 

In order to enable building designers create an indoor environment (thermal comfort and 

indoor air quality) that building occupants will find thermally comfortable, thermal comfort 

standards are necessary. More significantly, although mixed mode buildings are 

increasingly the norm, there are no national or international indoor environment (thermal 

comfort and indoor air quality) criteria.  

The temperature in Nepal is rising more quickly than the average worldwide [19]. Indoor 

environment (thermal comfort and indoor air quality) must be prioritized in office building 

design. The Nepalese government published a building design code, however it does not 

address the issue of thermal comfort, making it the primary reason of inadequate indoor 

thermal comfort [20]. The goal is to create an adaptable indoor environment (thermal 

comfort and indoor air quality) that occupants like, improves their health, and makes them 

happy with the improved building design strategies. 

1.4. Objectives  

The general objective is to determine the comprehensive understanding of occupant’s 

thermal perception in free running and mixed-mode office buildings. 

Specific objectives 

a) To predict the comfort temperature of Kathmandu valley. 

b) To analyze the CO2 concentration with respect to mode of office building. 

c) To study the impact of climate change with respect to thermal comfort 

1.5. Importance of Research 

The construction industry is increasingly facing a severe challenge with climate change as 

the effects of these changes are predicted to have a real influence on building thermal 

performance and HVAC systems over time. Over the past few decades, the building sector 

has seen a substantial growth in energy consumption, surpassing that of other major sectors 

such as transportation and industry. This increase can be attributed to a number of causes, 
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including higher indoor temperature, increased demand for building services, and comfort 

levels. However, no thermal comfort research has been undertaken in office buildings in 

Kathmandu Valley. Hence this study will help to report the thermal environment conditions 

of office buildings and also will assist policymakers and designers in developing a 

paradigm for resilient office buildings construction in terms of energy performance and its 

impact on occupant’s performance. Indoor comfort is of the utmost significance in offices. 

Energy efficiency, together with indoor climatic comfort, are critical characteristics of 

good practice for office worker performance in accordance with sustainable building 

principles. The rationale for the application of adaptive thermal comfort models in climate 

change impact assessments is supported by the significance of their implementation. 

Building designers can also employ adaptive thermal comfort to increase a building's 

resistance to change. 

1.6. Limitations  

Due to the three-month time limit, this research will solely focus on thermal comfort and 

indoor air quality inside the free-running and mixed-mode office buildings during June-

July 2023. While many researcher advocate for the consideration of six factors in assessing 

thermal comfort, this study intentionally narrows its focus to air temperature and relative 

humidity due to time constraints. Similarly, the assessment of indoor air quality in this 

study centers on CO₂ concentration levels, with other parameters, such as volatile organic 

compounds, particulate matter, ventilation rates, and biological contaminants, excluded 

from the analysis. The decision to concentrate on these specific factors was driven by 

practical considerations, acknowledging the inherent limitations imposed by time 

constraints. A questionnaire survey will be used to gather data on the office employee's 

thermal perception using a 7-point ASHRAE scale. During the site visit, field 

measurements and temperature data are gathered. No conventional or Traditional typology 

of office buildings is included in the analysis. Additionally, no other types of buildings 

other than free - running and mixed-mode offices would be included in the investigation. 
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CHAPTER-2: LITERATURE REVIEW 

2.1. Climate Change  

As per the definition provided by the United Nations Framework Convention on Climate 

Change (UNFCCC), climate change is characterized as a discernible alteration in climate 

patterns exceeding natural variability over corresponding time spans. This change is 

ascribed directly or indirectly to human activities that modify the composition of the global 

atmosphere. Based on an ongoing temperature analysis conducted by scientists at NASA's 

Goddard Institute for Space Studies (GISS), the Earth's average global temperature has 

risen by a minimum of 1.1° Celsius (1.9° Fahrenheit) since 1880. The predominant portion 

of this warming has transpired since 1975, with an approximate rate of 0.15 to 0.20°C per 

decade. 

 

Figure 1: Global yearly temperature anomalies from 1880 to 2020(Image: 

earthobservatory.nasa.gov) 

Because observations did not cover enough of the earth before to 1880, global temperature 

records begin about that time. The line figure above depicts yearly temperature anomalies 

recorded by NASA, NOAA, the Berkeley Earth research group, the Met Office Hadley 

Centre (United Kingdom), and the Cowtan and Way study from 1880 to 2020. Despite 

modest differences from year to year, all five datasets show peaks and dips that are in sync 
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with one another. All show rapid warming over the last few decades, with the latest decade 

being the warmest. 

 

Figure 2: Building sector emissions and resilience cycle (Image:Ommid Saberi, Naz 

Beykan, IFC; Data from IFC, MunichRE and National Institute of Building Science) 

Buildings consume around 40% of world energy, 25% of global water, 40% of global 

resources, and produce approximately 1/3 of global greenhouse gas emissions. Buildings, 

on the other hand, have the greatest potential for achieving large GHG emission reductions 

at the lowest cost in both developed and developing countries [21]. Furthermore, utilizing 

established and commercially accessible technology, energy consumption in buildings can 

be lowered by 30 to 80%. 

2.2. Climate Change in Nepal 

Climate change has now triggered a climate crisis in countries such as Nepal. Climate 

change impacts may be severe at high elevations and in complex topography such as Nepal, 

according to the global climate model. Based on various research [19], the average trend 

of temperature change in the country is 0.06°C per year. According to the 

Intergovernmental Panel on Climate Change (IPCC) research, Nepal would suffer the 

negative effects of climate change, notwithstanding its tiny contribution to greenhouse gas 

emissions. Nepal is identified as one of the ten countries most vulnerable to the impacts of 

global climate change, despite being among the least contributors to greenhouse gas (GHG) 

emissions. The nation's emissions account for merely 0.027% of the global share. [22]. 
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Data spanning from 1975 to 2005 indicates an annual temperature increase of 0.06°C in 

Nepal, while the mean rainfall has notably decreased by an average of 3.7 mm (-3.2%) per 

month per decade. Projections suggest a further rise in mean annual temperatures by 1.3-

3.8°C by the 2060s and 1.8-5.8°C by the 2090s under various climate change scenarios. 

Concurrently, annual precipitation is anticipated to decrease within a range of 10 to 20% 

across the country [22]. 

 

Figure 3: Raise in temperature pattern [22] 

2.2.1. Climate change scenario of Kathmandu valley 

Kathmandu Valley, a key urban center in Nepal, is centrally located with a watershed area 

of 656 km2, enclosed by the Mahabharata hills on all sides. The region experiences four 

distinct seasons: pre-monsoon (March-May), monsoon (June-September), post-monsoon 

(October-November), and winter (December-February). The average annual rainfall in the 

valley, recorded from 1976 to 2005, is 1778 mm, with the majority occurring during the 

monsoon season (June-September). The valley's average maximum and minimum 

temperatures, based on data from 1980 to 2010, are 23.80°C and 11.4°C, respectively. 
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Figure 4: Trend of maximum and minimum temperature of KTM valley (1991-2021) [23] 

[23]The graphic depicts the trend of maximum and minimum temperature, with the 

maximum temperature increasing by 0.1047 C every year. Similarly, the minimum 

temperature increased by 0.0424 C per year. It is similar to the National Adaptation 

Program of Action (NAPA), which reported a yearly, non-uniform increase in temperature 

of 0.04-0.06°C, with higher elevations warming quicker than the lower, southern lowlands. 

 

Figure 5: Average summer temperature of KTM valley (1991-2021) [23] 

[23]The maximum summer temperature increased by 0.0918 degrees Celsius every year, 

whereas the minimum summer temperature increased by 0.0562 degrees Celsius per year. 



25 

 

Even if the change was slight at the moment, it might become more problematic soon. As 

a result, the Kathmandu Valley's climate is actually changing, which means that it needs to 

be taken seriously and that necessary adaptation, mitigation, and control measures need to 

be implemented in order to protect the ecosystem, infrastructure, resources, and human 

population from potential negative effects of warming. 

2.3. Topographic and climatic description of Nepal 

Nepal is a landlocked nation located in the northern hemisphere, having latitudes between 

26° and 30° N and longitudes between 80° and 88° with a total lateral and vertical extent 

in the east-west and north-south directions. Nepal’s land area measures 147 516 km2. The 

elevation ranges from 80 meters above sea level to 8848 meters (Mount Everest). The 

upshot is that the climate varies greatly throughout space, from the tropics to the arctic. 

Political, topographical, climatic, and vegetation-based divides of Nepal's landscape are 

further classifications. 

With respect to geography, Nepal is separated into the Terai, Hilly, and Mountain areas. 

Nepal features 8 distinct climatic zones, with heights ranging from 60 meters to 8848 

meters above sea level, with climates ranging from Tropical Savannah to Polar Tundra. 

The climate zones and corresponding land coverage are shown in the figure below for 

various altitudinal belts. 

 

 

 

 

 

 

 

 

 

Figure 6: Climatic zones distribution with land coverage and altitude 

variations for Nepal [20] 
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2.4. Nepal National Building Code (NBC) 

The NBC of Nepal, which is overseen by the DUDBC, Government of Nepal, sets the 

regulations for building construction. In 1994 AD, the first draft of the NBC was created 

to address the growing urbanization with the technical guidance of the United Nations 

Development Program (UNDP) and UNCHS. Following the GON's 2003 ratification of 

the NBC, new construction required to follow it. The VDCs were excluded from this law 

at the time. Due to a lack of frequent monitoring, a lack of resources, and individuals who 

did not comprehend the relevance of the code, the actual implementation was still plagued 

by significant issues. DUDBC advocated a variety of earthquake-resistant building designs 

following the 2015 earthquake, but no new NBC has been released. The NBC, on the other 

hand, makes no mention of thermal comfort or building energy efficiency [20]. 

2.5. Office buildings  

According to the Nepal National Building Code, NBC 206:2015 defines "a public building 

as any government, non-government or private building used to provide services, facilities, 

products, and opportunities to the public."  

NBC 206:2015 has categorized office building based on occupancy on group F with the 

definition as these shall include any building or part of building which is used for official 

or business use. Subgroup-A2: Residential with limited commercial use applies to 

residential normal rise buildings with a plinth area of less than 150 square meters and a 

portion of the building utilized for offices. 

Free running mode buildings (FR) 

Rather than being a particular kind of building, free running is a way of functioning. When 

a building is not using energy for cooling or heating, it is free operating. A free-running 

building does not have mechanical cooling, so according to CIBSE's (Chartered Institution 

of Building Services Engineers) AM10 (Application Manual), the occupancy rate should 

be 10 m2 per person and the total internal heat gains should not exceed 40 W/m2 in order 

to create a comfortable environment. 
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Mixed mode buildings (MM) 

It's a structure with windows that can be opened by residents, and it's planned using 

efficient passive climate control techniques. For most of the year, the passively designed 

building is used to create suitable conditions, and a mechanical system is added either “as 

and when required" or on a seasonal basis” [24]. 

Passive inlet vents or operable windows are used in a hybrid space conditioning strategy 

called MM to allow for natural ventilation (either automatically or manually controlled). 

When necessary, air conditioning mode is switched to maintain a comfortable temperature 

while using the least amount of energy. MM buildings are neither pure AC buildings nor 

pure NV buildings because they use both air cooling (AC) and naturally ventilated (NV) 

modes [25].  

The use of mixed-mode ventilation (MM) techniques is growing in popularity as a more 

energy-efficient substitute for conventional HVAC systems. By combining mechanical 

cooling and natural ventilation, mixed-mode (or hybrid) building operation reduces 

dependency on energy-intensive HVAC systems and creates comfortable interior 

environments [26]. 

[27]MM building, which is categorized as "zoned" (natural ventilation and HVAC occur 

in different building zones), "concurrent" (natural ventilation and HVAC occur 

simultaneously), and "change-over" (natural ventilation and HVAC occur in the same area 

at different times). 

2.6. Thermal comfort 

"Thermal comfort is that condition of mind which expresses satisfaction with the thermal 

environment and is assessed by subjective evaluation" (ANSI/ASHRAE 55:2017). 

The ASHRAE definition of thermal comfort specifies that in order to be thermally 

comfortable, a variety of climate or environmental factors as well as human elements must 

be considered. Jones defined thermal comfort [28] as the achievement of a balance between 

metabolic heat development and heat loss due to thermal environmental conditions, which 

include human properties such as the rate of activity and insulation of the garment. 
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Six elements were identified by Macpherson in 1962 as influencing thermal perception: 

two personal variables (activity level, or metabolic rate) and four physical variables (air 

temperature, air velocity, relative humidity, and mean radiant temperature) [29]. Both 

physiological and non-physiological factors can affect thermal comfort. The thermal 

perception range in semi-outdoor and outdoor settings may be wider since it is widely 

known that it might be difficult to change the temperature conditions in these regions to 

ones that are as comfortable as indoors, even though doing so may be helpful. 

Thermal comfort requirements are crucial for building sustainability since they dictate how 

much energy is used by a building's environmental systems [30]. This energy frequently 

includes the combustion of fossil fuels, which contributes to CO2 emissions and climate 

change [31]. Thermal comfort is also an important factor in maintaining a healthy and 

productive workplace [32]. 

The PMV model is used by thermal comfort standards to suggest appropriate thermal 

comfort levels. The recommendations made by ASHRAE Standard 55 are shown in Table 

1 [33]. The specified conditions considered in this context involve a relative humidity of 

50%, a mean relative velocity below 0.15 m/s, a mean radiant temperature equating to the 

air temperature, and a metabolic rate set at 1.2 met. Furthermore, the definition of clothing 

insulation was established at 0.5 clo during the summer and 0.9 clo in the winter. 

Table 1: ASHRAE -55 Standard recommendations [33] 

 

2.7. Adaptive thermal comfort 

Nicol defines the 'adaptive comfort temperature' as the temperature deemed comfortable 

by individuals in a specific environment. The fundamental premise of the adaptive 

approach is encapsulated in the adaptive principle. This perspective on thermal comfort 
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acknowledges the influence of human behavior in response to their thermal surroundings 

[6], [34]. 

 

Figure 7: Aspects effecting thermal comfort and other additional common aspects that 

leading to the actual state of thermal comfort [35] 

The adaptive approach is grounded in field studies designed to assess the genuine 

acceptability of the thermal environment. This methodology recognizes the significant 

influence of context, occupant behavior, and their expectations on the perceived comfort 

in the given setting [4]. The adjustments have been summarized by De Dear [36] in three 

categories: behavior adaptation, physiological adaptation and psychological adaptation. 

Researchers conduct field surveys to collect information about the thermal environment 

and the simultaneous thermal response of individuals going about their daily lives. 

Subjects' thermal responses are typically measured by asking them for a 'comfort vote' on 

a descriptive scale such as the ASHRAE or Bedford scale [37](Table 2).             

Table 2: Thermal scale by ASHRAE-55 and Bedford 
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The 'rational' approach to thermal comfort seeks to explain people's responses to thermal 

environment in terms of physics and physiology. An 'index' of thermal comfort is devised 

that reflects the thermal state of the human body in terms of the thermal environment, 

taking into account temperature, humidity, air movement, clothing, and activity. Current 

standards, such as ISO 7730 [38] and ASHRAE 55, are based on this method [37]. 

The implementation of an Adaptive Thermal Comfort standard holds significant potential 

for mitigating energy consumption and reducing greenhouse gas emissions. This approach 

aims to achieve these environmental goals while simultaneously preserving the comfort, 

productivity, and overall well-being of occupants [39]. The adaptive indoor temperature in 

Kathmandu considering the studies of Rijal and Nicol comfort temperature (Tc) is shown 

in table 3 below [27]. 

Table 3: Adaptive indoor temperature in Kathmandu considering the studies of Rijal and 

Nicol comfort temperature [15] 

 

S.
N 

 

Thermal 

Sensation 

 

Thermal 

Scale 

 

    Nicol  Tc(ºC) 

 

    Rijal Tc(ºC) 

Comfort 

Category 

Remarks 

 
Sum
mer 

Winte
r 

Summe
r 

Winte
r  

1 Hot 3    32 * 32 * Very 

uncomfortable  

 

2 Warm 2    30 * 30 *  

Uncomfortable  

 

3 Slightly 

warm 
1    28 * 28 * Comfortable  

 

Comfort 

zone 

4 Neutral 0     26 19 26 15 Very 

comfortable 

5 Slightly 

cool 
-1     * 17 * 13 comfortable 

6 Cool -2    * 15 * 11 Uncomfortable   

7 Cold -3     * 13 * 9 Very 

uncomfortable  
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2.8. Comfort Temperature from Various Field Studies 

Comfort is reported to be achievable at temperatures ranging from as low as 17.6 ◦C to as 

high as 31.2 ◦C, a finding consistent with Humphreys' 1978 study where the comfort range 

was identified as 17 to 30 ◦C. In a naturally ventilated or free-running building mode, the 

comfort temperature spans from 17.6 to 31.2 ◦C, while in air-conditioned buildings, the 

range narrows to 20.3 to 27.5 ◦C [27]. 

2.9. Thermal comfort in office buildings 

The application of the adaptive comfort model is restricted to pure NV spaces, where 

occupants are free to adjust themselves to indoor or outdoor thermal conditions through 

adaptive opportunities such moveable windows and clothing, in accordance with the most 

recent revisions of ASHRAE Standard 55.Furthermore, these two standards specify that 

the adaptive model is not applicable to structures with mechanical cooling systems, hence 

MM buildings are not included in the adaptive model's application domain. Therefore, MM 

buildings, which may actually run primarily in a passive natural ventilation mode and only 

utilize supplemental cooling/heating during peak periods, are not eligible for the potential 

flexibility provided by these standards. 

According to the study [40], Studies on mixed-mode (MM) ventilation reveal the broadest 

indoor thermal comfort temperature range, spanning from 15.0 to 30.0 °C. Comparatively, 

the highest indoor thermal comfort temperature is reported in natural ventilation (NV) 

mode, ranging from 20.0 to 33.8 °C. Ventilation studies focused on air-conditioning (AC) 

show the narrowest range of indoor thermal comfort temperature, falling between 22.0 and 

28.4 °C. For studies involving the combination of NV and AC modes, the reported indoor 

thermal comfort temperature ranges from 16.0 to 30.0 °C. 

These ranges suggest that different ventilation modes have varying effects on indoor 

thermal comfort. MM ventilation has the widest range, while NV mode has the highest 

upper limit of comfort temperature. On the other hand, AC ventilation has the narrowest 

range and is associated with more controlled temperatures. The combination of NV and 

AC falls within an intermediate range. These findings can be valuable for designing indoor 

environments that prioritize thermal comfort based on the chosen ventilation mode. 



32 

 

 

 

Figure 8: Regression equation of comfort and indoor temperature from different field 

studies 

2.10. Impact of thermal comfort in human life 

One of the main factors in the design of the interior environment is thermal comfort, which 

has a big effect on health and safety. Some studies revealed a significant link between the 

environment's temperature and the root cause of some morbidities. The lag time between a 

hot and cold temperature was shorter for a high temperature, and it will also be socio-

demographic and environmental factors have an impact. 
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2.11. Factors affecting thermal comfort 

The human thermal environment is made up of environmental or climatic variables as well 

as personal characteristics [41]. The six most significant components or variables that 

influence the thermal environment, according to Fanger are:  

a. Average radiation temperature  

b. Air velocity  

c. Radiant 

d. Air humidity 

e. Metabolic rate or degree of activity  

f. Insulation of clothing. 

The six Fanger-suggested parameters are divided into two groups, as illustrated in Figure-

8 environmental and human variables (humidity, air temperature, mean radiant temperature) 

(activity level). It refers to a scenario in which a person is neither "too hot" nor "too chilly." 

It is mostly a subjective emotion or state of mind in which a person displays pleasure in his 

surroundings [42]. In Gadi's (2010) classification, factors influencing thermal comfort are 

categorized into two groups. The first group encompasses metabolic rate, mean radiant 

temperature, air velocity, clothing thermal resistance, air temperature, and vapor pressure. 

Meanwhile, the second group comprises sweat rate, skin wetness, clothing fit, skin 

temperature, clothing wittedness, and clothing surface. 

Air Temperature 

Air temperature, which can be measured in degrees Celsius or Fahrenheit, is the 

temperature surrounding the body, according to the Health and Safety Executive (HSE). 

Figure 9: The most important environmental factors affecting thermal comfort [35] 
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When discussing air temperature, it is meant that it has the greatest impact on all other 

environmental parameters. The reason for this is that people are extremely sensitive to 

temperature. This is made abundantly clear when individuals want to take a quick break. 

For example, while considering the weather in that location, the first thing people think 

about is the "temperature".  

Radiant Temperature 

Radiant heat, emanating from heated objects in the environment, can exert a significant 

impact, sometimes surpassing the influence of air temperature itself. The sun stands out as 

a primary source of radiated heat, yet other examples include cookers, dryers, hot surfaces, 

and ovens. The strategic incorporation of radiant heat control measures during the initial 

design phases of a building can render the use of radiation natural and environmentally 

friendly. A study by Memon et al. (2008) has demonstrated that with thoughtful design 

considerations for solar radiation control, it is feasible to achieve thermal comfort for a 

significant portion of the year. 

Air Velocity 

Described as "The speed of air moving across the worker and may help cool the worker if 

it is cooler than the environment," air velocity holds considerable significance due to its 

sensitivity to human perception. Its impact extends to both cooling and heating the space, 

depending on indoor conditions such as temperature and relative humidity. The critical 

aspect of air velocity lies in its influence on convective heat exchange between individuals 

and their surroundings, thereby affecting overall heat loss (ISO-7730, 2005).  

This correlation is contingent upon the temperature and relative humidity of the 

surrounding environment. While ASHRAE 44 notes that the relationship between air speed 

and improved comfort is not firmly established, practical experience suggests that indoor 

air speeds exceeding 0.2 m/s could cause discomfort, even in high indoor temperatures, 

emphasizing the essential nature of convective interaction between the skin and the 

environment (ASHRAE-55, 2004). 

Clothing Insulation: In ancient times, individuals utilized animal furs for protection 

against the cold (Caril et al., 2007). Both clothing and skin serve as the body's insulation, 
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offering protection from the surrounding environment. Oliveira et al. (2011) emphasized 

the significance of assessing the thermal insulation of clothing in the study of human 

thermal comfort. Clothing insulation functions as a barrier, regulating heat transfer between 

the body and the external environment, thereby maintaining a comfortable thermal state in 

diverse climates. Clothing serves multifaceted purposes, with 'fashion' being a notable 

aspect, as highlighted by Sakka et al. (2012). Caril et al. (2007) further supported this 

notion, recognizing clothing as a means of self-expression within the community. 

Additionally, Lee and Choi (2004) pointed out that, in cold climates, energy consumption 

tends to be higher with lighter clothing compared to heavier garments. 

Activity 

Activity stands as a crucial determinant in thermal comfort, with various buildings catering 

to different functions and activity levels. The diverse nature of activities in spaces like 

offices and schools introduces significant fluctuations in thermal perception among 

individuals. Mustapa et al. (2016) highlight that the heat generated within our bodies during 

physical activity is a key factor influencing thermal comfort. As physical activity increases, 

so does the heat production, necessitating the release of additional heat to prevent 

discomfort. According to ISO-7730 (2005), a mere 0.1 met difference in activity may result 

in a thermal sensation equivalent to a 1°C change in air temperature, while a 0.4 met 

difference could lead to a substantial 2.5 to 3°C shift in air temperature. This underscores 

the importance of accommodating a range of indoor activities to mitigate overheating or 

cooling issues based on the prevailing circumstances. 

2.12. Thermal Effects of Building Materials 

According to Givoni (1976), a building's envelope serves as both a barrier against the 

outside environment and a safeguard against the direct effects of weather on the structure. 

This envelop can be constructed using three different types of building materials: opaque, 

transparent, and translucent. 

In instances where indoor thermal conditions lack mechanical control, building materials 

play a pivotal role in influencing both indoor air and surface temperatures, thereby 

significantly impacting occupant comfort. Even when mechanical control measures such 
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as heating or air conditioning are implemented, the thermophysical properties of materials 

continue to influence the amount of heating or cooling provided, along with the internal 

surface temperature (radiant temperature). Consequently, the choice of materials continues 

to bear on passenger comfort and the economic efficiency of control systems, as 

emphasized by Givoni (1976, pp. 120). 

2.13. Thermo physical Properties of Building Materials 

Heat transfer in buildings occurs through conduction, convection, radiation, and 

evaporation/condensation. As highlighted by Givoni (1976), the mechanism of heat 

transport can undergo changes during the process of heat entry into a building. Key material 

properties influencing the rate of heat transfer, subsequently impacting indoor thermal 

conduction and occupant comfort, include thermal conductivity, resistance, and 

transmittance; surface characteristics; surface convective coefficient; heat capacity; and 

transparency to radiation of different wavelengths (Givoni, 1976, pp. 103). 

Conduction 

Conduction is the process of transferring heat from a hot surface to a cold surface through 

a material's wall thickness. Different materials have different thermal conductivities. For 

instance, compared to an insulating substance like cork, concrete and steel have high 

conductivities. Under steady-state conditions, the rate of heat conduction (Qcond.) through 

any element such as a roof, wall, or floor can be written as: 

Q cond=AxUx∆T 

Where, A - surface area [m2] 

 U - Thermal transmittance [W/ m2 K]  

∆T - temperature difference between inside and outside air [K] 

U is given by: U= 1/RT Where RT is the total thermal resistance 

Convection 

Convection, a heat transfer process, occurs when ambient air near a wall moves from a hot 

zone to a cold zone, carrying thermal energy away. This movement is facilitated by air 

molecules with lower temperature and density replacing those that have been heated. The 
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entire process is recognized as convection, and the presence of air movement serves to 

enhance the rate of heat transfer. 

Radiation 

Radiant heat transfer, unlike other forms, doesn't depend on a medium and can occur 

through a vacuum, as seen in the sun's heat reaching the Earth. In this process, heat moves 

from a warmer source to cooler areas. Reflective surfaces, like metal foils, play a role in 

this by reflecting thermal radiation and minimizing heat absorption by walls. Building 

materials, as highlighted by Rosenlund (2001), possess thermal capacity and resistance, 

influencing their response to radiant heat. 

Envelope Thermal Properties 

Density (𝜌, kg/m3), specific heat (𝑐𝑝, Wh/kgK), and conductivity (𝜆, W/mK) are three 

critical factors influencing the thermal properties of a building envelope. The material's 

density is a key consideration, as lighter materials tend to provide better insulation, while 

heavier ones have greater heat storage capacity. Specific heat, on the other hand, 

determines the material's ability to store heat, with lower specific heat indicating a lower 

heat storage capacity. Conductivity measures a material's heat conduction capability, with 

insulating materials exhibiting low conductivity, translating to a reduced rate of heat 

transfer between surfaces. These thermal properties significantly impact time lag and 

attenuation concerning temperature dynamics within a building (Mohammad & Shea, 

2013). 

R-value 

One of the most crucial variables in determining a building's energy efficiency is its thermal 

resistance (R-value). The relationship between thickness and conductivity (d/) determines 

the thermal resistance for a single material layer under steady-state circumstances. A 

building element's overall thermal resistance can be estimated by adding up the R-values 

for all of its layers, including the film resistance of the air layers next to the element's 

surface. For non-reflective materials, the inner film resistance ranges from 0.11 m2K/W to 

0.16 m2K/W depending on locations and heat flow directions, whereas the outside film 

resistance ranges from 0.03 m2K/W to 0.04 m2K/W depending on the wind. 
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Thermal conductivity  

When heat is carried through insulation, it mostly does so by conduction, which is 

measured by a material's thermal conductivity. The phrase "thermal conductivity" (also 

known as the "lambda" or "k") is frequently used, and the lower the number, the better the 

performance. This estimated number serves as a gauge for how well a material can transfer 

heat through its mass. The quantity of heat or energy (expressed in kcal, Btu, or J) that can 

pass through a material with a unit area and unit thickness in a unit time is known as thermal 

conductivity. 

𝑼-value 

In the realm of heat flow calculations, the thermal transmittance (U-value) plays a central 

role. Representing the amount of heat transferring through a unit area of the structure per 

unit of time when there's a one Kelvin difference in air temperature on each side of the 

building, the U-value is a key metric in assessing thermal performance. 

The U-value of a window measures how quickly heat moves through it as a result of 

conduction, convection, and radiation when there is a temperature differential between the 

inside and the outside. In the winter, heat is transported (lost) via windows more through 

windows with higher U-factors. The heat flow (q) of a building element is therefore: 

𝑞 = 𝑈 ∙ (𝑇𝑖 − 𝑇𝑜) W/m2 ………………………….(1) 

The manually calculated heat transfer is made using the equation (Sandin 2011): 

𝑄 = 𝑈 ∙ 𝐴 ∙ (𝑇1 − 𝑇2 ) W/m2 …………………..(2) 

2.14. Types of International Comfort Standard 

2.14.1. ISO 7730 

 ISO 7730: MODERATE THERMAL ENVIRONMENTS - DETERMINATION OF THE 

PMV AND PPD INDICES AND SPECIFICATION OF THE CONDITIONS FOR 

THERMAL COMFORT, (EN ISO 7730) 

The objective of this standard is to establish acceptable thermal conditions for comfort 

while providing a framework for predicting the thermal sensation and level of discomfort 



39 

 

(thermal dissatisfaction) experienced by individuals exposed to moderate thermal 

environments. 

The standard is applied to individuals in good health who are exposed to interior 

surroundings with the goal of achieving thermal comfort or when there are only slight 

variations from thermal comfort. It can be applied to both the evaluation of current 

surroundings and their design. Although the standard was created for work situations, it 

can be used in any type of setting. 

The norm is in good agreement with recent research of Japanese people exposed to mild 

heat settings, however it was originally based on studies of North American and European 

subjects. While most of the world is predicted to apply the norm rather well, there may be 

ethnic and national-geographic variations that call for additional research. 

By projecting the proportion of people who are anticipated to feel excessively hot or cold 

in a particular setting, the PPD (predicted percentage of dissatisfied) index offers data on 

thermal discomfort, also known as thermal dissatisfaction. As stated in Article 4, the PPD 

is available from the PMV. Clause 5 explains how the draught model, which includes data 

on air temperature, air velocity, and turbulence intensity at ankle, waist, and neck levels, 

can be used to forecast the percentage of people who are unhappy because of draught. The 

requirements for appropriate thermal environmental conditions for comfort are covered in 

Clause 6. 

The educational Annex A outlines the suggested thermal comfort standards based on the 

opinions of no more than 10% of unsatisfied individuals (− 0.5 ≤ PMV ≤ 0.5). The 

corresponding comfort limits for winter and summer conditions are provided for the 

following factors: air humidity, floor temperature, mean air velocity, vertical air 

temperature difference (between 110 cm and 10 cm above the floor), and radiant 

temperature asymmetry from warm ceilings and cold vertical surfaces. 
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The normative Annex B lists the metabolic rates associated with various activities.  

For the purpose of evaluating the thermal insulation of individual garments as well as 

clothing ensembles, Annex C provides informative tables. 

 The computer program's BASIC source code for calculating PMV and PPD for a given set 

of input variables is provided in Annex D, which is normative.  

The informational table in Annex E shows data for calculating PMV at 50% relative 

humidity based on air velocity, operating temperature, and thermal insulation of clothing. 

2.14.2. ASHRAE 55: THERMAL ENVIRONMENTAL CONDITIONS FOR HUMAN 

OCCUPANCY 

The standard's objective is to outline the combinations of human characteristics and indoor 

space environments that will result in thermal environment conditions that are acceptable 

to at least 80% of a space's occupants. 

The scope of the standard is as follows: 

 The variables that affect the environment are temperature, thermal radiation, 

humidity, and air speed; the variables that affect the individual are clothing and 

activity. 

 Given the complexity of the space environment and how all the aspects it addresses 

interact to determine comfort, it is intended that all of the standard's criteria be 

applied collectively. 

 In indoor spaces intended for human occupation, the standard specifies appropriate 

thermal environment conditions for healthy individuals at atmospheric pressure 

comparable to altitudes up to 3000 m for durations of at least 15 minutes. 

 Non-thermal environmental elements including air quality, acoustics, and lighting, 

as well as other physical, chemical, or biological space pollutants that could have 

an impact on comfort or health, are not covered by the standard. 

The standard defines terms, classifies characteristics, and offers details on what constitutes 

a suitable temperature environment. The allowable thermal environment conditions are 

specified by the standard using the operative and effective temperatures. These are the 

conditions for individuals wearing standard indoor attire and engaged in light, mostly 
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sedentary exercise (see 5.1). The permissible thermal environment requirements for 

individuals with varying degrees of activity are listed in 5.2. 

Section-by-section detailed bibliography is provided in Appendix A. It is noteworthy to 

notice that ISO 7726 is followed in the development of Section 6 "Instruments" of the 

standard. The risk of drafts is covered in Appendix B, which also offers a method for 

predicting the PD index, or proportion feeling drought (in ISO 7730 DR = draught rating). 

A method and examples for calculating the radiant temperature at any given space location 

using measured zone surface temperatures and the associated angle factors are given to the 

user in Appendix C. 

2.14.3. European standard EN15251 

The indoor air quality, thermal climate, lighting, and acoustics input factors for building 

design and energy efficiency assessment are outlined in EN15251. The Comite Europeen 

de Normalisation (CEN) created Standard EN15251 in response to requests from the 

European Union for standards to support the Energy Performance of Buildings Directive 

(EPBD).The standard takes into account additional environmental factors that affect a 

building's energy consumption, such as indoor air quality, lighting, and acoustics. The 

definition of the thermal environment is the standard's main focus, with the other sections 

mainly consisting of references to other standards. 

The standard adheres to the general guidelines of the ASHRAE standard and includes an 

adaptive standard called PMV for evaluating mechanically cooled buildings when they are 

operating in the free-running mode. Even if EN15251 assigns categories to buildings, the 

category descriptions remain the same. Similar to ASHRAE 55, the adaptive standard in 

EN15251 uses data from the European SCATs project, which gathered data from five 

European nations, rather of the ASHRAE RP884 database. While there are fewer sets of 

comfort data in the SCATs database, they were all gathered using a common set of 

instruments over the same time period. 

2.15. Method for determining acceptable thermal conditions in occupied 

spaces 

Graphic Comfort Zone Method for Typical Indoor Environments 
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When individuals are dressed in clothing with thermal insulation ranging from 0.5 to 1.0 

clo and engaging in activities to sustain metabolic rates between 1.0 and 1.3 met, they can 

apply the methodology described in this section. 

The adaptive approach 

Humphreys and Nicol invented the adaptive approach methodology. The thermal adaptive 

model was developed in light of the adaptable nature of human behavior. The adaptive 

approach is also acknowledged in the ASHRAE-55 Standard in addition to the PMV-PPD 

method (ASHRAE, 2017). In contrast to Fanger's model, the adaptive approach model 

establishes the comfort zone, which is also tied to thermal experiences changes in clothes 

and activities. Age, gender, and physical limitations will all have an impact on thermal 

comfort in this model. There are three categories of thermal adaptation. They are 

psychological, which derives from the mental state brought on by prior experiences, 

physiological, which relates to the body's response to a change in temperature, and 

behavioral adaptation (Berge, 2009).PMV and PPD are the two factors used by ISO 7730 

to evaluate the indoor climate. ASHRAE Standard 55 specifies the formula for determining 

the ideal comfort temperature (Tcomf). 

Tcomf = 0.31 × Tout+17.8 (Desired room temperature is about 20˚ C, ±2 ˚ C, i.e. 18 ˚ C, 

to 22˚C) 

Predicted Mean Vote (PMV) 

The PMV index serves as a tool for predicting the average thermal sensation votes of a 

group of occupants, utilizing a seven-point thermal sensation scale. Achieving thermal 

equilibrium occurs when the internally generated heat matches the heat lost by an 

individual. Factors such as the thermal environment, clothing insulation, and physical 

activity levels contribute to the degree of bodily heat balance. 

 For instance, residents' control over interior temperature through natural ventilation, like 

opening or closing windows, is often associated with improved thermal sensation. This 

practice can reduce occupants' elevated thermal expectations on mechanical ventilation 

systems. The ASHRAE thermal sensation scale, designed to gauge people's heat 

experiences, plays a crucial role in this context. 
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Figure 10: Graphical representation of ASHRAE thermal sensation scale 

Using the ideas of heat balance, the predicted mean vote (PMV) model connects the six 

significant thermal factors. There are six important factors that need to be considered when 

setting the requirements for thermal comfort. In certain cases, comfort is influenced by 

several other, secondary factors.  

Predicted Percentage Dissatisfied (PPD) 

While PMV is a valuable tool for predicting the thermal perception of a population, it 

doesn't provide a complete assessment. To obtain a more comprehensive understanding of 

whether and how thermal comfort is achieved, it is essential to consider the satisfaction 

level of individuals using the space. Recognizing this, Fanger introduced an alternative 

formula that correlates PMV with the Predicted Percentage of Dissatisfied (PPD). PPD 

essentially represents the proportion of individuals likely to experience local discomfort. 

This metric reflects the percentage of people who perceive the indoor temperature as 

excessively hot, warm, cool, or cold, or are expected to feel uncomfortable. 

2.16. Estimation of comfort temperature 

Comfort temperature by polynomial regression analysis 

Comfortable temperature levels are determined by the interplay between thermal sensation 

and indoor globe temperature across various aspects. Student responses are classified into 

two binary groups, with "Uncomfortable" encompassing cold, very cold, hot, or very hot, 

while the "Comfortable" responses include mildly warm, neutral, and slightly chilly. 

ASHRAE-55 guidelines suggest deeming the central zone (slightly chilly, neutral, and 

slightly hot) as comfortable if 80% of responses fall within this range. This approach 

provides a comprehensive framework for evaluating thermal comfort based on student 
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feedback. The quadratic regression equation for each of the three districts' ratio of 

agreeable to indoor globe temperature is defined as follows:   

  

The comfort temperature equation by Nicol formula 

Tcomf = 0.53 Tom + 13.8……………………………….(1) 

The Adaptive thermal comfort from monthly mean maximum (Tmax), monthly mean 

outside temperature (Tom), and monthly comfort temperature over a 12-month period can 

be computed using the above formula for the Nichol adoptive thermal comfort model. 

Comfort temperature by Griffiths method 

The responsive adjustments made by office employees throughout their workday can result 

in an overestimation of regression coefficients within regression analyses, potentially 

skewing the determination of the optimal comfort temperature. This distortion may lead to 

the generation of unnecessary comfort temperature values. The Griffiths equation (a) is 

commonly applied for the precise calculation of comfortable temperatures, taking into 

account the intricate dynamics of individual behavior in office settings. 

Tc is equal to Tg + (4- TSV/a)…………………….(a) 

where a is the Griffiths constant, Tc is the comfort temperature (°C), Tg is the indoor globe 

temperature (°C), and TSV is the thermal sensation vote. 

2.17. Indoor Air quality  

According to research, there is frequently a mismatch between the modelled and perceived 

thermal comfort sensation. One of the causes could be because additional parameters are 

involved that are not currently accounted for in the models. [43] Elevated CO2 levels 

stimulate the human respiratory system, increasing metabolic rate and heat exchange with 

the environment. This is one feasible hypothesis and causal mechanism. It is hypothesized 

that an increase in indoor CO2 concentration may make people feel warmer. [44] Has 
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demonstrated a connection between occupants' feelings of stuffiness and discomfort and 

indoor CO2 concentrations between 600 ppm and 1000 ppm or higher. 

While there may not always be a direct specification of the link between carbon dioxide 

and indoor air quality, carbon dioxide concentrations are often referenced as an indicator 

of indoor air quality. The implications of elevated carbon dioxide levels extend to health 

effects, occupant perceptions of the indoor environment, correlations with other indoor 

contaminants, and the association with outdoor air circulation rates. Notably, ASHRAE 

Standard 62-1989 and the common citation of carbon dioxide values at 1,800 mg/m3 (1,000 

ppm(v)) contribute to discussions surrounding indoor air quality and carbon dioxide 

dynamics. 

2.18.1. Carbon Dioxide level and· ASHRAE Standard 62-1989 

There are guidelines for indoor carbon dioxide concentrations of 1,800 mg/m3 (1000 ppm) 

in the indoor air quality protocol. Investigating Indoor Air Quality and building ventilation 

can benefit from continuous monitoring of indoor carbon dioxide concentrations using a 

data recorder device. The ASHRAE rules only propose a concentration of 1000 parts per 

million for CO₂. A minimum of two ach level of air change rate should be maintained in 

case 5. Health problems can arise when CO₂ concentrations are higher than 2500 ppm, and 

keeping the equilibrium CO₂ level below 2500 ppm can be achieved by maintaining at least 

0.5 to 0.75 ach. 

2.19. Previous studies related to thermal comfort in office buildings 

[45]Climate change, thermal comfort and energy: Meeting the design challenges of 

the 21st century 

This study addresses the dual challenge of constructing energy-efficient buildings while 

ensuring thermal comfort in the face of rising summer temperatures attributed to human-

induced climate change—a crucial consideration for contemporary building designers. The 

primary focus is on buildings designed to operate without extensive energy inputs during 

certain periods of the summer, relying on natural ventilation or a mixed-mode approach 

(employing mechanical cooling only when necessary). Given the variable conditions in 

such structures, it is essential to understand how occupants respond and adapt to their 
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environment. The review encompasses current developments in this field and outlines the 

climate data necessary for assessing building performance. The temperatures within free-

running buildings are intricately linked to external conditions. Anticipated changes in the 

environment and projected increases in summer temperatures pose challenges for future 

sustainable building design, particularly in achieving fully passive or low-energy comfort 

cooling. Case study buildings are examined to forecast their performance amidst climate 

change, highlighting the complexities that sustainable designers may encounter. These 

examples underscore key principles associated with low-energy, climate-sensitive design. 

[18]Impact of climate change on comfort and energy performance in offices 

This study investigates the interplay between building design, occupant behavior, and their 

impact on comfort and energy efficiency in office spaces across diverse climate change 

scenarios. Focused on a standard cellular office in Athens, Greece, the research employs 

EnergyPlus, a building simulation program, to conduct parametric analyses. The IPCC's 

A2 climate change scenario for 2020, 2050, and 2080 is coupled with two occupant 

scenarios, standard meteorological data, and three building design variations. The study 

evaluates adaptive thermal comfort in naturally ventilated buildings following ASHRAE 

Standard 55 and EN 15251 guidelines. In a mixed-mode setting, emphasis is placed on its 

influence on greenhouse gas emissions, peak heating and cooling demands, and the 

percentage of unoccupied working hours. Results highlight the significant impact of 

climate change scenarios on adaptive thermal comfort, revealing differences in assessment 

standards between ASHRAE Standard 55 and EN 15251. The comparison of climate 

change, building design, and occupant scenarios underscores the potential for occupant 

behavior to reduce energy consumption and emissions, emphasizing the crucial role of 

building design in optimizing thermal comfort. 

[46]INVESTIGATION OF THE THERMAL COMFORT AND PRODUCTIVITY 

IN JAPANESE MIXED-MODE OFFICE BUILDINGS 

This study aims to assess the overall comfort and productivity of Japanese office workers 

in mixed-mode office buildings. A two-year thermal comfort survey was conducted in 

Tokyo, Yokohama, and Odawara, focusing on the following key findings: 
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 The standard deviation of the indoor globe temperature is maintained at 24.8 ± 

2.0 °C in mixed-mode (MM), resulting in minimal fluctuations in indoor globe 

temperature. 

 Occupants in the office buildings reported high levels of comfort and productivity 

in the indoor thermal environment. 

 Optimal temperature ranges for maximum comfort were identified as 22–26 °C for 

MM mode and 23–25 °C for full-range (FR) mode. 

 The globe temperature range of 20–27 °C for FR mode and 21–27 °C for MM mode 

plays a crucial role in determining the productivity range for workers. These 

findings underscore the importance of considering these variables in the design of 

new office buildings. 

[25] Evaluating thermal comfort in mixed-mode buildings: A field study in a 

subtropical climate 

This study unveils findings from a longitudinal field survey in a subtropical office building, 

exploring occupant responses to thermal comfort in mixed-mode (MM) buildings. Key 

observations include: 

 Thermal perception and acceptance shifted as the MM building transitioned from 

air-conditioning (AC) to natural ventilation (NV) mode. Occupants were more 

likely to report a neutral thermal experience, showing increased tolerance for a 

broader indoor temperature range during the NV period. 

 Some current comfort standards, like ASHRAE Standard 55 and GB/T 50785, 

restrict the adaptive comfort model to pure NV environments, categorizing MM 

buildings as AC structures. This classification not only confines MM building 

temperatures to more limited indoor settings but also overlooks energy-saving 

opportunities inherent in the "hybrid" concept defining these structures. 

[47]The role of adaptive thermal comfort in the prediction of the thermal 

performance of a modern mixed-mode office building in the UK under climate change 

This article explores the impact of climate change on the thermal performance of a United 

Kingdom office building and highlights the advantages of employing an adaptive thermal 
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comfort strategy over a static one. The study anticipates outcomes related to energy 

consumption and overheating risks. Notably, the risks of overheating projected by static 

and adaptive thermal comfort methods differ significantly. By 2020, following a static 

strategy would result in a tenfold increase in overheating risk, whereas the adaptive 

approach would lead to less than a twofold increase. Both strategies foresee a reduction in 

heating energy usage, but applying the adaptive comfort strategy could yield an additional 

10% savings compared to the static strategy for the base case building. The impact on 

cooling energy is noteworthy, with static thermal comfort predicting a 500% increase in 

cooling energy by 2080, while the adaptive approach foresees roughly half that amount. 

[48]Indoor Thermal Comfort and Carbon Dioxide Concentration: A comparative 

study of air conditioned and naturally ventilated houses in Sri Lanka. 

Carbon Dioxide (CO₂) serves as a practical and easily measurable indicator of indoor air 

quality and ventilation. While lower concentrations and shorter exposure durations pose 

minimal health risks, elevated levels can signal inadequate ventilation or potential pollution 

from other contaminants. This study compared bedrooms with natural ventilation to those 

with air conditioning concerning thermal comfort and CO₂ concentration. Bedrooms with 

natural ventilation exhibited higher temperatures and humidity levels than air-conditioned 

ones. Notably, all air-conditioned homes, including those with larger volumes, exceeded 

recommended CO₂ concentration levels. CO₂ levels in air-conditioned homes varied based 

on factors like room size, occupancy, and ventilation. Examined air-conditioned dwellings 

lacked mechanical fresh air intake, contributing to increased CO₂ concentrations, 

particularly in smaller spaces due to enhanced air tightness. Balancing improved energy 

efficiency with acceptable indoor air quality remains a challenge for air-conditioned homes. 

Maintaining an air change rate of 0.5 air changes per hour (ach) is suggested to mitigate 

health risks associated with CO₂ emissions. 
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CHAPTER-3: RESEARCH METHODOLOGY 

 

Research Framework 

The study site and six office buildings, featuring both free-running and mixed-mode 

designs, were identified for investigation. A quantitative method was employed, utilizing 

field questionnaires with the ASHRAE 7-point scale and air quality preference. Digital 

instruments (TR-76i, Thermo Recorder-(TR-52i)) were used for thermal measurements (air 

temperature, relative humidity), and indoor air quality (CO₂ concentration) was assessed. 

Two methods, Griffiths' approach and regression, were employed to determine comfort 
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temperature. The regression method substituted the linear equation of thermal feeling and 

indoor air temperature with "4 neutral" for estimating comfort temperature. Meanwhile, 

Griffiths' approach was employed for examining adaptive comfort temperature, as the 

regression method's temperature predictions might not align well with field survey 

conditions. 

3.1. Description of digital instrument used for field survey 

 

Figure 11: Digital Instrument Setup 

Digital instruments were employed for the measurement of various physical parameters, 

encompassing air temperature, relative humidity, globe temperature, surface temperature, 

air movement, and CO₂ concentration (Figure 11). Table 4 provides details about the 

specific digital devices utilized in the field investigation to monitor ambient conditions. 

Measurements were taken at approximately 1.1m above the floor level, recorded three 

times with intervals of 15-20 minutes during office hours. 

Table 4: Properties of digital instrument used for field survey 

Parameter 
measured 

Sensors Range Accura
cy 

Name of instruments 

Air temperature Thermistor 0-55ºC ±0.5ºC TR-74Ui 
Relative  
humidity 

Polymer membrane 10-95% ±5% 
RH 

 
 
TR-74Ui 

TR-76Ui 
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Carbondioxide  
Non dispersive  
 
infrared analyzer 

0 to 
9,999 
ppm 

±50 
ppm 

 
 
` TR-76Ui 

 

3.1.1. Temperature, humidity and CO2 data logger with built-in sensors- TR-76Ui 

 

Figure 12: Instrument TR-76Ui 

The "CO₂ Recorder TR-76Ui" is a three-channel data recorder that measures and records 

CO₂ concentration, temperature, and humidity all at the same time. Setting the ambient 

pressure for the measuring site ensures more steady and precise CO₂ measurements. The 

included software allows the user to download data captured by the TR-76Ui to a PC via 

USB connection, allowing data from all three channels to be examined in graph or tabular 

form at the same time.  

3.2. Questionnaires and Thermal comfort scale  

Appendix-1 and 2 includes questions and scaled responses, comprising two questionnaire 

sections. The first section captures demographic data (age, gender), room location, and 

orientations to categorize AC and free-running modes. The second segment addresses 

thermal comfort aspects, encompassing the subject's thermal sensation vote (TSV), thermal 

preference (TP), thermal acceptance (TA), humidity feeling (HF), and indoor air quality 

satisfaction vote (ASV). Table 5 outlines the scale used for the thermal comfort survey. 

Staff members were instructed to wait at least fifteen minutes after arriving and settling in 

the office before responding to the questionnaire. A total of one hundred office workers, 

representing both genders with an average age of twenty-eight, participated in the survey. 

Notably, a majority of participants did not adaptively adjust their temperature. 
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Table 5: The questionnaire's response options and scales for the thermal comfort section 
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CHAPTER-4: CASE STUDY 

4.1. INVESTIGATED AREA AND BUILDINGS  

The research is conducted in the 

Kathmandu Valley, which stands as 

Nepal's primary metropolis and serves 

as the capital of the nation within 

province three. Kathmandu Valley 

experiences a warm temperate climate, 

characterized by an average winter 

temperature of around 10⁰C and a typical 

summer day temperature of 

approximately 30⁰C.  

The field survey encompassed six diverse office buildings situated in the Kathmandu 

Valley, conducted between June and July 2023. Table 6 provides a description of the 

investigated buildings. Monitoring focused solely on occupational hours. The study 

presents a comparative analysis of CO₂ concentrations and comfort parameters, including 

indoor temperature and relative humidity, in relation to established guidelines and relevant 

standards. The dataset and ensuing analysis contribute valuable insights into the correlation 

between ventilation systems, indoor air quality (IAQ), and thermal comfort within 

buildings. 

The thermal comfort survey targeted office employees occupying the ground, first, second, 

and fourth floors of six different buildings within the study areas. The surveyed office 

buildings include Nepal Telecom (NT), Expert Education and Visa Services (EVS), AKG 

Associates Chartered Accountants (AKG), HECAF 360 (HECAF), Informative Solutions 

(IS), and Civil Informatics and Solutions (CIS). Notably, Nepal Telecom (NT) and AKG 

Associates Chartered Accountants (AKG) operate on a mixed-mode, while Health 

Figure 13: Location of investigated area 
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Environment and Climate Action Foundation (HECAF 360), Informative Solutions (IS), 

and Civil Informatics and Solutions (CIS) adopt a free-running mode. 

 

Figure 14: Field study and questionnaire survey 

Table 6: Description of the investigated office buildings 

S.N Office Name Office 

building 

Code 

Orientation 

of the 

building 

Mode of 

ventilation 

Location  Nos of 

employee 

Investigated 

floors 

1. Nepal 

Telecom 

NT North  Mixed-mode Babarmahal  23 Fourth  

2. Expert 

Education 

and Visa 

Services 

EVS North-East Mixed-mode Seto pul 22 GF and FF 

3. AKG 

Associates 

Chartered 

Accountants  

AKG West  Free running Kupondole 18 FF and SF 

4. HECAF 360 HCAF South  Free running Maharajgunj  10 GF 

5. Informative 

Solutions 

IS East  Free running Pulchowk 12 GF 

6. Civil 

Informatics 

and Solutions 

(CIS) 

CIS East  Free running  

 

Patan Dhoka 15 GF and FF 
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4.1.1. Case-1: Nepal Doorsanchar Company Limited (Nepal Telecom), Babarmahal 

 

 

 

 

 

 

 

 

Twenty three (23) office employees of fourth floor are surveyed from Nepal Telecom (NT) 

in June 13,2023 on Change-over mixed-mode of ventilation : "change-over" in the context 

of natural ventilation and HVAC (Heating, Ventilation, and Air Conditioning) taking place 

in the same location at various times. 

Table 7: Description of surveyed office building-1 (Nepal Telecom) 

Element  Description Details 

External wall Insulation: no 

Wall thickness=9” 

Glass facade 

Floor  No Insulation Marble flooring 

Window   Aluminum frame  

Roof  Concrete slab of thickness 

125mm 

 

Room Height 14ft  

 

 

Figure 15: Office building-1 (Nepal Telecom located at Babarmahal) 
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The digital instrument was set up at table of height 1.1 meter from ground level in 10 rooms 

which are partitioned with aluminum frame. Below figure 16 shows the investigated area 

and the position of the digital instrument during survey period (11:50am to 1:40pm). The 

total area investigated is 3749.9 ft².Questionnaire survey and the reading of the recorded 

data were done simultaneously. 

 

Figure 16: Investigated fourth floor plan of Nepal Telecom 
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Analysis of recorded data during surveyed period 

 

Figure 17: Globe temperature and outdoor air temperature of Nepal Telecom during 

survey period 

 

Figure 18: CO₂ concentration of Nepal Telecom during survey period 

 

Figure 19: Relative Humidity of Nepal Telecom during survey period 
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Figure 17 depicts the globe temperature and air temperature measured at 1.1 meter ftom 

ground level. The average global temperature for the voting period was 29.8 °C, indicating 

that temperature fluctuations are significant. One possible explanation is that workers 

employed cooling during the summer to keep the working thermal environment in mixed 

mode (MM). Figures 18 and 19 indicate the CO₂ concentration and relative humidity for 

the survey period, with a mean CO₂ concentration of 525 ppm and a mean relative humidity 

of 44%, both of which are within the ASHARE comfort zone. 

Study of Thermal sensation,thermal perference and overall comfort  

The Nepal Telecom office's field survey included the measurement of office employees' 

subjective thermal perception using the standard ASHRAE thermal comfort scale vote. The 

gathered data from the survey underwent analysis and tabulation in Excel to enhance 

comprehension and facilitate a more organized presentation of the findings.. 

The thermal sensation voteS from 23 office employees at this office reveals that 31% of 

them feel neutral, indicating satisfaction with their current thermal environment. 

Meanwhile, 43% feel slightly hot, 13% feel hot, 9% feel very hot, and the remaining 

respondents feel slightly cold. This outcome suggests that employees situated in the south 

wing of the building, near windows, experienced elevated temperatures due to continuous 

direct solar radiation. 

 

Figure 20: Distribution of Thermal Sensation Vote by employee of Nepal Telecom (NT) 
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Thermal perception  

 

Figure 21: Distribution of Thermal perception vote by employee of Nepal Telecom (NT) 

Similarly, the thermal preference of employees was assessed through 5-point thermal 

preference vote scales. This method facilitated the analysis of respondents' thermal 

preferences within their current thermal environment. The results indicated that 65% of 

respondents favored a slightly cooler setting, 9% preferred a significantly cooler 

environment, while 26% expressed a preference for no change. 

Overall comfort 

 

Figure 22: Distribution of Overall comfort vote by employee of Nepal Telecom (NT) 

Similarly, overall thermal comfort of the employee is surveyed and resulted that 52% of 

the employee voted comfort,35% of the employee voted slightly comfort while 4% and 9% 

voted slightly discomfort and discomfort respectively. 
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Humidity Feeling 

 

Figure 23: Distribution of Humidity Feeling by employee of Nepal Telecom (NT) 

As depicted in Figure 24, the majority of employees, accounting for 40%, reported feeling 

just right in terms of humidity. On the other hand, smaller percentages expressed varying 

levels of humidity perception, with 4% each feeling much too humid, too humid, slightly 

humid, slightly dry, too dry, and much too dry, respectively. 

            

Figure 24: Reading the data from installed instrument while office employee are filling 

questionnaire at Nepal Telecom 
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4.1.2. Case-2: Expert Education and Visa Services, Setopol 

 

Figure 25: Office building-2 Expert Education and Visa Services (EVS) 

A survey was conducted on June 10, 2023, involving twenty-two (22) office employees 

from the ground and first floors of Expert Education and Visa Services (EVS). The study 

focused on the "change-over" mixed-mode of ventilation, where natural ventilation and 

HVAC alternately occur in the same location at various times. 

Table 8: Description of office building-2 (Expert Education and Visa Services) 

Element  Description Details 

External wall Insulation: no 

Wall thickness=14” 

Brick facade 

Floor  No Insulation Marble flooring 

Window   Wooden  frame  

Roof  Concrete slab of thickness 

125mm 

 

Room Height 9ft  
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Figure 26: Ground floor plan of EVS 

The digital instrument was set up at table of height 1.1 meter above floor in 2 rooms of 

ground floor and one room of first floor. Above figure 26 shows the investigated area and 

the position of the digital instrument during survey period (11:30am to 2:00pm). The total 

area investigated is 358.6 ft2 of ground floor and 105.1 ft2.Questionnaire survey and the 

reading of the recorded data were done simultaneously. 

Analysis of the recorded data during surveyed period 

 

Figure 27: Globe temperature and outdoor air temperature of EVS during survey period 
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Figure 28: CO₂ concentration of EVS during surveyed period 

 

Figure 29: Relative Humidity of EVS during surveyed period 

Figure 27 displays the recorded globe temperature and air temperature at a height of 1.1 

meters from the floor level. Throughout the voting period, the mean globe temperature 

stood at 27.6 °C, with minimal changes in the globe's temperature. Figures 28 and 29 

illustrate the CO₂ concentration and relative humidity during the surveyed period, 

indicating a mean CO₂ concentration of 780 ppm and humidity level of 39%. According to 

ASHRAE-55 standards, these values fall within the comfort zone. 

Study of Thermal sensation,thermal perference and overall comfort  

The EVS office's field survey involved measuring the subjective thermal perception of 

office employees using the standard ASHRAE thermal comfort scale vote. The collected 

data from the survey underwent analysis and tabulation in Excel for better comprehension. 

The thermal sensation vote from the 22 office employees indicates that 10% of them feel 
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neutral, expressing satisfaction with their current thermal environment. Furthermore, 41% 

feel slightly hot, 45% feel hot, 4% feel very hot, and the remaining respondents feel slightly 

cold. This suggests that employees adopt strategies such as keeping windows closed, using 

blinds to shade from direct sunlight, and relying on the opening of doors as the primary 

source of airflow. Additionally, some employees use the air conditioning system to 

maintain thermal comfort. 

 

Figure 30: Distribution of Thermal Sensation Vote by employee of EVS 

Thermal perception 

 

Figure 31: Distribution of Thermal perception votes by employee of EVS 

Likewise,thermal preference of the employee were obtained by using 5-point thermal 

preference vote scales.This helps to analyze the thermal preference of the respondent in 

their present thermal environment .The vote shows that 63% students preferred a bitcooler , 

0% prefered much cooler while 37% prefered no change. 
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Overall Comfort 

 

Figure 32: Distribution of overall comfort votes by employee of EVS 

Similarly, overall thermal comfort of the employee is surveyed and resulted that 32% of 

the employee voted comfort,23% of the employee voted slightly comfort while 45% and 

0% voted slightly discomfort and discomfort respectively. 

4.1.3. Case-3: AKG Associates Chartered Accountants,Kupondole 

 

Figure 33: Office building-3 (AKG Associates Chartered Accountants) 

On June 10, 2023, a survey was conducted with eighteen (18) office employees from the 

ground and first floors of AKG Associates Chartered Accountants (AKG). The study 

focused on the free-running mode, indicating that the building is either naturally ventilated 
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or equipped with an HVAC system. Notably, during the study period, either the heating 

(HT) or cooling (CL) systems were turned off. 

Table 9: Description of office building AKG 

Element  Description Details 

External wall Insulation: no 

Wall thickness=9” 

Front :Glass façade 

Back: Brick facade 

Floor  No Insulation Marble flooring 

Window   Aluminium  frame  

Roof  Concrete slab of thickness 

125mm 

 

Room Height 10ft  

 

First and second floor plan of AKG office building 
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Figure 34: First floor and second floor plan of AKG 

Analysis of data during surveyed period of AKG 

 

Figure 35: Globe temperature and outdoor air temperature of AKG during survey period 

29.8

30

30.2

30.4

30.6

30.8

31

31.2

12:18PM 12:30PM 12:40PM 12:59PM 12:59PM 1:10PM

Te
m

p
er

at
u

re
(⁰

C
)

Time

Air temp. Globe temp.



68 

 

 

Figure 36:CO2 concentration of AKG during surveyed period 

 

Figure 37: Relative Humidity of AKG during surveyed period 

As depicted in Figure 35, the recorded globe temperature and air temperature at a height of 

1.1 meters from the floor level reveal a mean globe temperature of 30.2 °C during the 

voting period, with minimal fluctuations. Figures 36 and 37 illustrate the CO₂ concentration 

and relative humidity throughout the surveyed period, indicating a mean CO₂ concentration 

of 593 ppm and humidity level of 51%. In accordance with ASHRAE-55 standards, these 

values are deemed to fall within the comfort zone. 

Study of Thermal sensation,thermal perference and overall comfort  

From the field survey of the AKG office ,the subjective thermal perception of the office 

employees was measured by using the standard ASHRAE thermal comfort scale vote.The 

data obtained from the survey is analyzed and tabulated in excel for better understanding. 
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The thermal sensation vote of the 18 office employee of this office shows 17% office 

employee feel neutral i.e. they are satisfied with their present thermal environment , 55% 

feel slightly hot,16% feel hot,5% very hot and remaining feel slightly cold.This result 

shows that employee gets heat from direct sunlight as this building is south facing and also 

at office hours it recevies direct sunlight from glass façade since there is no insulation. 

 

Figure 38: Distribution of Thermal Sensation vote by employees of AKG 

Thermal Perception 

 

Figure 39: Distribution of thermal perception by employees of AKG 

 

Likewise,thermal preference of the employee were obtained by using 5-point thermal 

preference vote scales.This helps to analyze the thermal preference of the respondent in 

their present thermal environment .The vote shows that 56% students preferred a bitcooler , 

5% prefered much cooler while 28% prefered no change and 11% preferred a bit warmer. 
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Overall comfort 

 

Similarly, overall thermal comfort of the employee is surveyed and resulted that 5.6% of 

the employee voted comfort,56% of the employee voted slightly comfort while 0% and 11% 

voted slightly discomfort and discomfort respectively. 

4.1.4. Case-4: Health Environment and Climate Action Foundation (HECAF 360) 

 

Figure 40: Investigated office building-4 (HECAF-360) 
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of 593 ppm and humidity level of 51%. In accordance with ASHRAE-55 standards, these 

values are deemed to fall within the comfort zone. 

Table 10: Description of office building-4 (HECAF 360) 

Element  Description Details 

External wall Insulation: no 

Wall thickness=14” 

Brick façade with 12mm 

thick cement plaster 

Floor  No Insulation Marble flooring 

Window   Wooden   frame  

Roof  Concrete slab of thickness 

125mm 

 

Room Height 9.5ft  

The structure of HECAF is load bearing and has 14 inch thick brick wall. Below figure 41 

depicts the studied area of the building and the position of the digital instrument that was 

set up at height of 1.1meter from ground level. 

 

Figure 41: Ground floor plan of HECAF 
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Analysis of recorded data during surveyed period in HECAF 

 

Figure 42: Globe temperature and outdoor air temperature of HECAF during survey 

period 

 

Figure 43: Co2 concentration of HECAF during surveyed period 

 

Figure 44: Relative Humidity of HECAF during surveyed period 
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        As illustrated in the above figure, the recorded globe temperature and air temperature 

at a height of 1.1 meters from the floor level show a mean globe temperature of 28.3 °C 

during the voting period, with minimal fluctuations. Figures 43 and 44 depict the CO₂ 

concentration and relative humidity throughout the surveyed period, indicating a mean CO₂ 

concentration of 601.3 ppm and humidity level of 66.3%. According to ASHRAE-55 

standards, these values are deemed to fall within the comfort zone. 

Study of Thermal sensation,thermal perference and overall comfort  

From the field survey of the HECAF office ,the subjective thermal perception of the office 

employees was measured by using the standard ASHRAE thermal comfort scale vote.The 

data obtained from the survey is analyzed and tabulated in excel for better understanding. 

The thermal sensation vote of the 10 office employee of this office shows 70% office 

employee feel neutral i.e. they are satisfied with their present thermal environment , 10% 

feel slightly hot,20% feel hot,0% very hot and remaining feel slightly cold. 

 

Figure 45: Distribution of Thermal sensation vote by employee of HECAF 

         Thermal Perception 

 

Figure 46: Distribution of Thermal Perception vote by employee of HECAF 
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Likewise,thermal preference of the employee were obtained by using 5-point thermal 

preference vote scales.This helps to analyze the thermal preference of the respondent in 

their present thermal environment .The vote shows that 20% students preferred a bitcooler , 

10% prefered much cooler while 70% prefered no change and 0% preferred a bit warmer. 

Overall comfort 

 

Figure 47: Distribution of Overall thermal comfort vote by employee of HECAF 

Similarly, overall thermal comfort of the employee is surveyed and resulted that 50% of 

the employee voted comfort,30% of the employee voted slightly comfort ,20% voted for 

very comfort while 0% and 0% voted slightly discomfort and discomfort respectively. 

4.1.5. Case-5: Informative Solutions Pvt. Ltd, Patan Dhoka 

 

Figure 48-Investigated office building-5 (Informative solutions) 
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On July 2, 2023, a survey was conducted with twelve (12) office employees from the 

ground floor of Informative Solutions (IS). The investigation focused on the free-running 

mode, indicating that the building is either naturally ventilated or equipped with an HVAC 

system. Notably, during the study period, either the heating (HT) or cooling (CL) systems 

were turned off. 

Table 11: Description of office building-5 (Informative Solutions) 

Element  Description Details 

External wall Insulation: no 

Wall thickness=14” 

Brick façade with 12mm 

thick cement plaster 

Floor  No Insulation Marble flooring 

Window   Wooden   frame  

Roof  Concrete slab of thickness 

125mm 

 

Room Height 9.5ft  

The structure of office building -5 (IS) is load bearing and has 14 inch thick brick wall. 

Below figure 49 depicts the studied area of the building and the position of the digital 

instrument that was set up at height of 1.1meter from ground level. 

 

Figure 49: Ground floor plan of office building-5 (IS) 
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Figure 50: Questionnaire survey and reading of the recorded data at Informative Solutions 

(IS) 

Analysis of the recorded data during survey period 

 

Figure 51: Globe temperature and outdoor air temperature of IS during survey period 
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Figure 52: CO2 concentration of IS during survey period 

 

 

Figure 53: Relative Humidity of IS during survey period 

        As depicted in the above figure (Figure 51), the recorded globe temperature and air 

temperature at a height of 1.1 meters from the ground level reveal a mean globe temperature 

of 28.3 °C during the voting period, with minimal fluctuations. Figures 52 and 53 illustrate 

the CO₂ concentration and relative humidity throughout the surveyed period, indicating a 

mean CO₂ concentration of 601.3 ppm and humidity level of 66.3%. According to 

ASHRAE-55 standards, these values are considered to fall within the comfort zone. 

Study of Thermal sensation,thermal perference and overall comfort  

From the field survey of the IS office ,the subjective thermal perception of the office 

employees was measured by using the standard ASHRAE thermal comfort scale vote.The 

data obtained from the survey is analyzed and tabulated in excel for better understanding. 
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The thermal sensation vote of the 12 office employee of this office shows 67% office 

employee feel neutral i.e. they are satisfied with their present thermal environment , 25% 

feel slightly hot,8% feel hot,0% very hot and 0% feel slightly cold. 

 

Figure 54: Distribution of Thermal Sensation vote by employee of IS 

Thermal perception 

 

Figure 55: Distribution of Thermal Perception vote by employees of IS 

Likewise,thermal preference of the employee were obtained by using 5-point thermal 

preference vote scales.This helps to analyze the thermal preference of the respondent in 

their present thermal environment .The vote shows that 34% students preferred a bitcooler , 

8% prefered much cooler while 58% prefered no change and 0% preferred a bit warmer. 
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Overall comfort  

 

Figure 56: Distribution of Overall thermal comfort vote by employee of IS 

Similarly, overall thermal comfort of the employee is surveyed and resulted that 58% of 

the employee voted comfort,33% of the employee voted slightly comfort ,20% voted for 

very comfort while 0% and 0% voted slightly discomfort and discomfort respectively. 

4.2.6. Case-6: Civil Informatics and Solutions, Pulchowk 

 

Figure 57: Investigated office building-6 (Civil Informatics and Solutions) 
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running mode, indicating that the building is either naturally ventilated or equipped with 

an HVAC system. Importantly, during the study period, either the heating (HT) or cooling 

(CL) systems were turned off. 

Table 12: Description of office building-6 (CIS) 

Element  Description Details 

External wall Insulation: no 

Wall thickness=9” 

Brick façade with 12mm 

thick cement plaster 

Floor  No Insulation Marble flooring 

Window   Wooden   frame  

Roof  Concrete slab of thickness 

125mm 

 

Room Height 10ft  

 

GROUND FLOOR PLAN OF CIS  
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Figure 58: Ground and first floor plan of CIS 

Figure 58 shows the position of the digital instrument that was set up at height of 1.1meter 

from floor level. 

 

Figure 59: Questionnaire Survey at CIS 
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Analysis of recorded data during surveyed period 

 

Figure 60: Globe temperature and outdoor air temperature of CIS during survey period 

 

Figure 61: CO₂ concentration of CIS during surveyed period 

 

Figure 62: Relative Humidity of CIS during surveyed period 
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As depicted in Figure 60, the recorded globe temperature and air temperature at a height of 

1.1 meters from the floor level reveal a mean globe temperature of 28.3 °C during the 

voting period, with minimal fluctuations. Figures 61 and 62 illustrate the CO₂ concentration 

and relative humidity throughout the surveyed period, indicating a mean CO₂ concentration 

of 601.3 ppm and humidity level of 66.3%. According to both ASHRAE-62 and ASHRAE-

55 standards, these values are considered to fall within the comfort zone. 

Study of Thermal sensation,thermal perference and overall comfort  

From the field survey of the office- Civil Informatics and Solutions(CIS) ,the subjective 

thermal perception of the office employees was measured by using the standard ASHRAE 

thermal comfort scale vote.The data obtained from the survey is analyzed and tabulated in 

excel for better understanding. 

The thermal sensation vote of the 15 office employee of this office shows 53% office 

employee feel neutral i.e. they are satisfied with their present thermal environment , 33% 

feel slightly hot,13% feel hot,0% very hot and 0% feel slightly cold. 

 

Figure 63: Distribution of Thermal Sensation Vote by employees of CIS 
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Thermal Perception 

 

Figure 64: Distribution of Thermal Perception vote by employees of CIS 

Likewise,thermal preference of the employee were obtained by using 5-point thermal 

preference vote scales.This helps to analyze the thermal preference of the respondent in 

their present thermal environment .The vote shows that 34% students preferred a bitcooler , 

8% prefered much cooler while 58% prefered no change and 0% preferred a bit warmer. 

Overall comfort 

 

Figure 65: Distribution of Overall comfort vote by employees of CIS 

Similarly, overall thermal comfort of the employee is surveyed and resulted that 53% of 
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CHAPTER-5: DATA ANALYSIS AND FINDINGS 

5.1. Thermal Sensation Votes and Thermal Preference  

The field survey data was employed to analyze the thermal sensation votes (TSV) and 

thermal preference (TP). Total 100 employees were surveyed where 45 were in free-

running office buildings and 55 were in mixed-mode office buildings as shown in table 13. 

Table 13: Numbers of employees in FR and MM office buildings 

Mode of office buildings Nos of employees 

Free-running (FR) 45 

Mixed-mode (MM) 55 

 

Figure 65 depicts the results of the thermal sensation votes (TSV). In terms of free-running, 

44% of respondents chose slightly warm, 31% chose neutral, 9% chose slightly chilly, 15% 

chose warm, and 2% chose hot, as shown in figure 65. The comfort zone is indicated by 

three central options (3 to 5) on the ASHRAE seven-point sensory scale [33]. In the free 

running mode office building, 84% of respondents were inside their comfort zone, whereas 

16% were outside of their comfort zone. 

 

Figure 66: Distribution of Thermal Sensation Votes (TSV) for FR and MM office 

buildings 
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In reference to mixed-mode office buildings, as figure 65 illustrated, 42% of respondents 

voted for slightly warm, while 20% voted for neutral, 2% for slightly cool, 29% voted for 

warm and 0% voted for hot. The comfort is indicated by three central alternatives (3 to 5) 

on the ASHRAE seven-point sensory scale comfort [33] .Based on this, 64% of 

respondents in the free-running mode office building were in their comfort zone, while 36% 

were not. 

Table 14: Percentage of thermal sensation in FR and MM office buildings 

  Scale TSV on MM TSV on FR 

    N P (%) N P (%) 

Cold 1 0 0 0 0 

Cool 2 0 0 0 0 

Slightly 

cool 
3 1 2 5 9 

Neutral 4 9 20 17 31 

Slightly 

warm 
5 19 42 24 44 

Warm 6 13 29 8 15 

Hot 7 3 7 1 2 

    45 100 55 100 

 

The majority of respondents felt a slightly warm or neutral thermal sensation during the 

summer season, with a notable proportion expressing a warmer conditions.  

Thermal Preference (TP) 

In the same specific thermal environment, regarding free-running office buildings, 55% of 

respondents prefer a bit cooler, while 39% said they would prefer no change and remaining 

6% voted for much cooler. Furthermore, in case of mixed-mode office buildings 64% of 

respondents prefer a bit cooler, 31% prefer no change while 4% of respondents said they'd 

prefer to have much cooler. 
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Figure 67: Distribution of thermal preference in FR and MM office buildings 

Table 15: Percentage distribution of thermal preference in MM and FR office buildings 

  Scale TP on MM TP on FR 

    N P (%) N P (%) 

Much Warmer 1 0 0 0 0 

A bit warmer 2 0 0 0 0 

No change 3 14 31 21 39 

A bit cooler 4 29 64 30 55 

Much cooler 5 2 4 4 6 

    45 100 55 100 

Conclusions from analysis of votes on thermal sensation votes and thermal preference from 

office employees: 

 In both free-running and mixed-mode office buildings, the majority of respondents 

prefer a bit cooler, indicating a common preference for a cooler thermal 

environment. 

 The thermal sensation votes and comfort zone analysis suggest that a significant 

portion of respondents in both office building types are within their comfort zone. 

This aligns with the thermal preferences, as a preference for a bit cooler is generally 

in line with being within the comfort zone. 

 Interestingly, even though a significant percentage of respondents prefer a bit 

cooler, some still experience thermal sensations outside their comfort zone. This 

could be influenced by factors such as individual differences in thermal sensitivity, 

clothing choices, or the actual temperature conditions in the buildings. 
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 The absence of votes for a hot thermal sensation in the mixed-mode office building 

aligns with the 0% preference for a much cooler environment, suggesting a 

consistent trend toward cooler preferences. 

Table 16: Comfort temperature for the autumn season in naturally ventilated office 

buildings observed in various studies. 

Country/City 
References Mode Period  Variable 

for Tc 

T₀ 

( ̊C) 

Tg,Ta 

( ̊C) 

Tc 

( ̊C) 

This study 
- FR Summer Ta 26.2 28.0 27.21 

- MM Summer Ta 25.6 27.51 26.81 

Japan 

/Yokohama, 

Tokyo 

Rijal et al. 

[49] 

FR Autumn Tg 17.9 24.8 24.9 

India/ 

Chennai, 

Hyderabad 

Indragant et 

al. [50] 

NV Autumn Tg 31.3  29.0  27.0 

India/ Tezpur, 

Shillong 

Singh et al.  

[51] 

NV Autumn Tg 20.9 27.9  27.3 

FR: Free Running, MM: Mixed Mode, NV: Naturally ventilated, Tg: Globe temperature, 

Top: Operative temperature, Ta: Indoor air temperature 

5.2. Prediction of thermal comfort temperature 

The study of thermal comfort field survey data yielded a major result: comfort temperature. 

In free-running and mixed-mode office buildings, the assessment of comfort temperature 

is based on a linear relationship between thermal sensation votes (TSV) and indoor air 

temperature, as shown in Figures 67 and 68, respectively. Additionally, the sensitivity of 

the subjects is assessed through the use of regression analysis and the regression coefficient 

obtained from that analysis. 
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For free-running office buildings, equation for linear regression that we have obtained is 

as follows: 

TSV= 0.138Ti + 0.7039 (N=55, R²=0.05)………………………………….. (1) 

Where TSV: Thermal sensation vote, Ti: Indoor air temperature (°C), N=Number of votes,    

R²= Coefficient of determination 

 

 

 

 

 

 

 

 

 

 

 

By substituting "4. Neutral" into equation (1), the calculated comfort temperature is 

23.88⁰C. The equation's regression coefficient, determined as 0.13 from equation (1), 

indicates that a shift of 7.6⁰C (1/0.13) is necessary to alter one thermal sensation vote. This 

implies that, according to the regression model, a change of 7.6⁰C in environmental 

conditions would result in a perceptual shift in thermal sensation by one unit. However, the 

practicality of requiring a shift of more than 5⁰C to change one thermal sensation vote is 

questioned. This observation suggests that, based on the provided regression coefficient, 

the model would demand a substantial and potentially impractical alteration in 

environmental conditions to bring about a noticeable change in thermal sensation. [52]. As 

a result, Griffiths' approach is utilized to exclude superfluous values from the regression 

analysis. 

y = 0.138x + 0.7039

R² = 0.05
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Figure 68: Relationship between Thermal Sensation Votes and 

Indoor air temperature (FR office buildings) 
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Griffiths' method is especially beneficial when there is little volatility in the temperature 

throughout the field survey and there is a probability that the little number of data will not 

offer a strong regression to predict the comfort temperature. Griffiths' comfort temperature 

(Tc) is calculated using the equation; 

Tc = Ti + (4-TSV)/a……………………………………………. (2)  

Where, Tc: Comfort temperature, a: Griffiths’ constant, Ti: Indoor air temperature, TSV: 

Thermal sensation votes, a: regression coefficient (0.50). 

The regression coefficient of 0.5 was used here, as was done by many other researchers 

[16]. For each comfort vote, we approximated the Griffiths' comfort temperature and 

obtained mean comfort temperature was 27.21⁰C. 

Similarly with regard to mixed-mode office buildings equation for linear regression 

that we have obtained is as follows: 

TSV=0.22 Ti -1.53 (N=45, R² = 0.1162)………………………………… (3) 

Where TSV: Thermal sensation vote, Ti: Indoor air temperature (°C), N=Number of votes,    

R²=Coefficient of determination) 

Upon substituting "4. Neutral" into equation (3), the resulting comfort temperature is 

determined to be 25.13⁰C. The regression coefficient from equation (3), calculated as 0.22, 

indicates that a shift of 4.5⁰C (1/0.22) is required to alter one thermal sensation vote. In 

accordance with the regression model, this suggests that a change of 4.5⁰C in 

environmental conditions would induce a perceptual shift in thermal sensation by one unit. 
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Figure 69: Relationship between Thermal Sensation Votes and Indoor air temperature 

(MM office buildings) 

Griffiths’ comfort temperature (Tc) is estimated for all the comfort votes, using the 

equation (2). We obtained a mean comfort temperature of 26.81ºC. 

Here, through Griffiths’ method the comfort temperature in free-running and mixed-mode 

office building are 27.21⁰C and 26.81⁰C respectively on summer season, which is found 

to be very similar to the study on [50], [51] as presented in table 15.However, there is 

significant difference with Japan, this implies that the ideal comfort temperature in office 

buildings vary depending on the climate of the region. This emphasizes the importance of 

conducting further studies to better understand and establish comfort temperature standards 

for office buildings, taking into account regional climatic variations. This is a valid point, 

as climate plays a crucial role in determining the thermal comfort preferences of individuals. 

Conducting additional research can help refine and expand the existing knowledge on 

comfort temperatures, considering specific climatic conditions. This might involve 

studying various regions and their unique climates to develop more accurate and region-

specific guidelines for maintaining thermal comfort in office buildings. 

5.3. Indoor CO₂ concentration, air temperature and relative humidity 

Figure 70 shows the indoor CO₂ concentration level of NT (MM-mode), AKG (FR-mode) 

and CIS (FR-mode) investigated office buildings that is recorded from 1st July to 7th July 

2023 during office hours (10:08am to 5:08pm). Seven days at interval of 1 hour were 
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recorded by using digital instrument named TR-76Ui.The average CO₂ concentration of 

NT (MM-mode), AKG (FR-mode) and CIS (FR-mode) were found to be 453ppm, 460ppm, 

and 414ppm respectively. The current version of ASHRAE Standard 62.1 sets the 

maximum allowable continuous CO₂ concentration at 700 ppm above outdoor levels. The 

average CO₂ concentrations for NT, AKG, and CIS fall well below the ASHRAE guideline 

of 700 ppm. This is generally considered favorable, as lower CO₂ concentrations are 

associated with better indoor air quality and can contribute to a healthier and more 

comfortable indoor environment. 

In line with ASHRAE Standard 62.1, which emphasizes ventilation for maintaining 

acceptable indoor air quality, the recommended range for indoor relative humidity typically 

falls between 30% and 60%. The observed indoor relative humidity levels in the surveyed 

office buildings are consistent with the guidelines outlined in ASHRAE Standard 62.1. 

This alignment indicates that the ventilation and humidity control systems within these 

buildings are functioning within acceptable parameters, thereby fostering a conducive 

indoor air quality environment. 

 

Figure 70: Comparison of Indoor CO₂ concentration recorded from 1st to 7th July-2023 in 

MM and FR office buildings 
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Figure 71: Comparison of indoor relative humidity recorded from 1st to 7th July-2023 in 

MM and FR office buildings 

Figure 71 shows the indoor relative humidity of NT (MM-mode), AKG (FR-mode) and 

CIS (FR-mode) investigated office buildings that is recorded from 1st July to 7th July 2023 

during office hours (10:08am to 5:08pm). Seven days at interval of 1 hour were recorded 

by using digital instrument named TR-76Ui. The average relative humidity of NT (MM-

mode), AKG (FR-mode) and CIS (FR-mode) were found to be 58.08%, 58.21%, and 59.8% 

respectively.  

ASHRAE-55 standard typically recommends indoor relative humidity levels to be 

maintained between 30% and 60% for comfort and health. In this case, the recorded 

average relative humidity values for NT (MM-mode), AKG (FR-mode), and CIS (FR-

mode) fall within this range, suggesting that, from a humidity perspective, the indoor 

environments in these office buildings are generally in line with ASHRAE-55 

recommendations. 
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Figure 72: Comparison Indoor air temperature recorded from 1st to 7th July-2023 in MM 

and FR office buildings 

Figure 72 illustrates the indoor air temperature of NT (MM-mode), AKG (FR-mode) and 

CIS (FR-mode) investigated office buildings that is recorded from 1st July to 7th July 2023 

during office hours (10:08am to 5:08pm). Seven days at interval of 1 hour were recorded 

by using digital instrument named TR-76Ui. The average air temperature of NT (MM-

mode), AKG (FR-mode) and CIS (FR-mode) were found to be 28.05⁰C, 27.17⁰C and 

28.69⁰C respectively. The recorded temperatures, particularly for NT (MM-mode) and CIS 

(FR-mode), may fall slightly outside the ASHRAE Standard 55 -recommended thermal 

comfort range of 23.5⁰C to 26.1⁰C for office spaces. This suggests in need of further 

investigation into factors such as air velocity, and clothing levels could provide insights 

into occupant comfort. 

Table 17: Average value of air temperature.CO₂ and Relative Humility recorded for 7 

days in MM and FR office buildings during office hours 

S.N. Office Building  Mode of 

building 

Indoor Air 

temperature(⁰C) 

CO₂ 

(ppm) 

Relative 

Humidity (%) 

1. NT MM 28.05 ⁰C 452.54 58.08 

2. CIS FR 27.17⁰C 414.34 58.21 
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3. AKG FR 28.69⁰C 459.31 59.8 

FR: Free-running, MM: Mixed-mode 

 

5.4. Study the impact of climate change with respect to thermal comfort 

The Nicol graph serves as a tool for assessing adaptive thermal comfort within a building 

concerning the outside mean temperature. Aligned with adaptive principles, the Nicol 

graph acknowledges that the perceived comfort indoors is contingent on the outdoor 

temperature, reinforcing the idea that individuals find different indoor conditions 

comfortable based on the prevailing outdoor temperatures. Analysis of recent data [53] 

suggests the equation Tcomf = 0.53 Tom + 13.8………………… (4), where thermal 

comfort from yearly mean  (Tcomf), monthly mean outside temperature (Tom).Using this 

equation comfort temperature can be calculated for each year. 

Here to study the impact of climate change with respect to thermal comfort, yearly 

maximum and minimum temperature (1981 to 2021) were collected from Department of 

Hydrology and Meteorology (DHM)  and calculated the comfort temperature by using 

equation (4) as presented in table 17. 

Table 18: Calculation of yearly comfort temperature from 1981 to 2021 by Nicol formula 

YEAR Tmax Tmin Tom Tcomf 

1981 34.18 17.7 25.9 27.5 

1982 33.95 19.52 26.7 28.0 

1983 37.23 18.85 28.0 28.7 

1984 34.69 19.87 27.3 28.3 

1985 35.08 19.69 27.4 28.3 

1986 34.84 17.05 25.9 27.6 

1987 36.64 19.57 28.1 28.7 

1988 33.98 18.57 26.3 27.7 

1989 33.92 19.19 26.6 27.9 

1990 35.83 20.34 28.1 28.7 

1991 33.71 19.01 26.4 27.8 

1992 35.32 18.91 27.1 28.2 

1993 33.44 18.74 26.1 27.6 

1994 36.13 20.08 28.1 28.7 
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1995 34.43 19.65 27.0 28.1 

1996 33.41 17.4 25.4 27.3 

1997 35.7 18.83 27.3 28.3 

1998 37.3 20.48 28.9 29.1 

1999 34.21 17.78 26.0 27.6 

2000 33.28 18.48 25.9 27.5 

2001 33.62 19.35 26.5 27.8 

2002 32.49 19.3 25.9 27.5 

2003 33.8 19.5 26.7 27.9 

2004 29.33 17.87 23.6 26.3 

2005 35.58 18.68 27.1 28.2 

2006 31.73 18.12 24.9 27.0 

2007 32.96 19.24 26.1 27.6 

2008 29.78 18.72 24.3 26.7 

2009 34.15 17.31 25.7 27.4 

2010 34.73 19.56 27.1 28.2 

2011 32.06 17.86 25.0 27.0 

2012 35.66 20.84 28.3 28.8 

2013 30.89 17.65 24.3 26.7 

2014 33 19.86 26.4 27.8 

2015 34.95 19.92 27.4 28.3 

2016 31.95 19.4 25.7 27.4 

2017 34.04 20.48 27.3 28.2 

2018 30.58 19.28 24.9 27.0 

2019 34.58 19.01 26.8 28.0 

2020 29.97 16.94 23.5 26.2 

2021 33.18 19.88 26.5 27.9 

Obtained yearly (1981 to 2021) comfort temperature from table 17 were plotted in a graph , 

resulted as shown in figure 72 that illustrates that the comfort temperature is very 

proportional with the maximum and minimum temperature . As outdoor temperatures 

increase, the comfort temperature also shows an increasing trend. This implies that to 

maintain thermal comfort in buildings, adjustments need to be made in response to rising 

temperatures. The observed correlation between comfort temperature and outdoor 

temperatures suggests a potential impact of climate change on thermal comfort. 

With increasing temperatures, there may be a need for enhanced heating or cooling 

measures to maintain comfort levels inside buildings. The study demonstrates the 

importance of considering climate change effects on thermal comfort. It provides valuable 
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insights into how building design and passive building design systems need to adapt to 

changing outdoor conditions to ensure occupants' comfort. 

 

Figure 73: Trend of comfort temperature with the yearly DHM data 

 

CHAPTER-6: CONCLUSION AND RECOMMENDATION 

6.1. CONCLUSION 

The analysis of the thermal comfort and indoor air quality (IAQ) in free-running and 

mixed-mode office buildings during summer season were done and following conclusions 

are obtained:  

 In case of free-running office building, with regard to the total, 84% office 

occupants voted that the thermal sensation in their office is neutral zone . In case of 

mixed-mode office buildings, with regards to the total, 64% office employees voted 

that the thermal sensation in their office is neutral zone. It indicates that the majority 

perceive the indoor environment as neither too cold nor too warm. Whereas in 

thermal preference ,39% in case of free-running and 31% in case of mixed-mode 

voted for no change. In terms of Thermal Sensation, the free-running office 

building appears to have a higher level of satisfaction among occupants, as 

indicated by the higher percentage of neutral sensation. In terms of Thermal 

Preference, both groups show a substantial preference for no change, implying that 

the majority are content with the current thermal conditions. There is a correlation 
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between thermal preferences and thermal sensation votes, with a notable preference 

for a bit cooler environments and a substantial portion of respondents reporting 

sensations within their comfort zones.  

 Comfort temperature is determined by using Griffths’ method and found to be 

27.21⁰C and 26.81⁰C in free-running and mixed-mode office buildings respectively 

during summer season. The findings should be beneficial in suggesting that when 

designing new office buildings, these elements should always be considered for 

building efficiency. 

 By following ASHRAE 62 guidelines, it guarantees that the air inside investigated 

free-running and mixed-mode office buildings (NT, AKG and CIS) is clean and 

fresh, also has sufficient ventilation, which can enhance the productivity of 

occupants. This suggests that one of the most essential design criteria for achieving 

thermal comfort is to use free running or mixed-mode in office buildings. 

 This study explores the relationship between yearly comfort temperature (obtained 

from Table 17) and outdoor temperatures from 1981 to 2021. The findings suggest 

a strong correlation between comfort temperature and both maximum and 

minimum outdoor temperatures. The observed trends underscore the importance of 

considering climate change effects on thermal comfort when designing buildings 

and implementing passive building design systems. 

6.2. RECOMMENDATION 

 Neutral thermal sensation means that they neither feel too hot nor too cold, which 

is often the desired state in indoor environments to maintain occupant satisfaction 

and productivity. In summary, while both types of buildings show a generally 

positive outcome in terms of thermal comfort, there may be room for improvement, 

especially in the mixed-mode buildings, to bring the satisfaction level closer to that 

of free-running buildings. Regular monitoring and adjustments based on occupant 

feedback will be crucial for maintaining a comfortable indoor environment. 

 However, an average indoor air temperature was higher than the 28 °C standard in 

50% of the situations, this could indicate that the investigation period was quite 

brief. This also indicates running the buildings in FR mode presented difficulties 
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because they were intended to operate in AC mode. This study recommends 

conducting extensive field research considering all the parameters related with 

indoor environment in office in Kathmandu to develop specific norms for adaptable 

comfort.  

 In free-running and mixed-mode buildings, reliance on natural ventilation reduces 

the need for mechanical systems, leading to lower energy consumption. Continuous 

monitoring of CO₂ levels allows for precise control of ventilation, preventing over-

ventilation and unnecessary energy use. This aligns with the principles of 

sustainability and energy efficiency, contributing to a greener and more 

environmentally friendly building operation. In summary, the incorporation of 

ASHRAE 62 guidelines in the design and operation of free-running and mixed-

mode office buildings can ensure clean and fresh indoor air, sufficient ventilation, 

and enhanced productivity. The continuous monitoring of CO₂ levels further allows 

for efficient control of ventilation, minimizing energy use while maintaining 

optimal thermal comfort for occupants. 

 It suggests that future building designs should account for the changing outdoor 

conditions to provide optimal comfort for occupants. In summary, the study 

highlights the potential challenges posed by climate change to maintaining thermal 

comfort and emphasizes the importance of adapting building designs and systems 

to address these challenges. 

The findings underscore the need for a nuanced approach to building design, taking into 

consideration all the factors that influence thermal comfort and indoor air quality. It 

highlights the importance of considering different building types, their operational modes, 

and seasonal variations to create energy-efficient and comfortable office spaces for 

occupants. Architects and designers should use this information to make informed 

decisions that prioritize both sustainability and occupant well-being in the built 

environment. 
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Annex-10: Arrangement of instrument during surveyed period 

 

 

Figure 74: Digital Instrument set up and questionnaire survey 

 

Instrument setup 
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