
 
Provided by the author(s) and University of Galway in accordance with publisher policies. Please cite the

published version when available.

Downloaded 2023-05-19T15:30:24Z

 

Some rights reserved. For more information, please see the item record link above.
 

Title An Indoor Environmental Quality (IEQ) assessment of a
partially-retrofitted university building

Author(s) Zuhaib, Sheikh; Manton, Richard; Griffin, Corey;
Hajdukiewicz, Magdalena; Keane, Marcus M.; Goggins, Jamie

Publication
Date 2018-05-07

Publication
Information

Zuhaib, Sheikh, Manton, Richard, Griffin, Corey,
Hajdukiewicz, Magdalena, Keane, Marcus M., & Goggins,
Jamie. (2018). An Indoor Environmental Quality (IEQ)
assessment of a partially-retrofitted university building.
Building and Environment, 139, 69-85. doi:
https://doi.org/10.1016/j.buildenv.2018.05.001

Publisher Elsevier

Link to
publisher's

version
https://doi.org/10.1016/j.buildenv.2018.05.001

Item record http://hdl.handle.net/10379/15336

DOI http://dx.doi.org/10.1016/j.buildenv.2018.05.001

https://aran.library.nuigalway.ie
http://creativecommons.org/licenses/by-nc-nd/3.0/ie/


Please cite as: Zuhaib S., Manton R., Griffin, C., Hajdukiewicz M., Keane M., & Goggins J. 2018. ‘An 
Indoor Environmental Quality (IEQ) assessment of a partially-retrofitted university building’. Building 
and Environment, 139, pp. 69-85. https://doi.org/10.1016/j.buildenv.2018.05.001 

 
 

An Indoor Environmental Quality (IEQ) assessment of a partially-retrofitted university 

building 

Sheikh Zuhaib1,2, Richard Manton1,2, Corey Griffin3, Magdalena Hajdukiewicz1,2,  

Marcus M. Keane1,2, Jamie Goggins1,2,* 

1Informatics Research Unit for Sustainable Engineering (IRUSE), Civil Engineering, College of Engineering & 
Informatics, National University of Ireland, Galway, Ireland 

2 Centre for Marine and Renewable Energy (MaREI), Ryan Institute, National University of Ireland Galway, 
Ireland 

3School of Architecture, Portland State University, Portland, Oregon, USA 
 
*Corresponding Author. Tel.: +353 (91) 492609, Email address: jamie.goggins@nuigalway.ie (Jamie Goggins), 

Address: College of Engineering and Informatics, National University of Ireland, Galway, Ireland 
 
 

Abstract: 

Achieving standards-based Indoor Environmental Quality (IEQ) in existing buildings is growing 

steadily due to the strong demand for deep retrofits in Europe. Existing non-domestic buildings pose 

challenges mainly due to occupancy patterns, lack of personal control over comfort and outdated 

building structures. Renovations of many post-war non-domestic buildings (>35 years old) have faced 

technical and financial challenges. Consequently, these buildings are often only partially retrofitted, 

which are often ad-hoc in nature. This paper describes the evaluation process of indoor environmental 

conditions in a partially-retrofitted university building in Galway (Ireland) originally built during the 

1970s and partially retrofit in 2005. The research assesses criteria outlined in EN 15251 and draws on 

methods from ASHRAE 55 and CBE IEQ survey. Occupant surveys complemented by physical 

measurements were used to assess the compliance of IEQ parameters for thermal, visual and acoustic 

comfort and indoor air quality. The relationship between the performance of the building envelope and 

occupant comfort is described across retrofitted and non-retrofitted zones of the building. The results 

suggest that ad-hoc retrofitting of the façade did not make any significant difference to IEQ and 

occupants continued to adapt personally to the existing conditions. Their preferred satisfaction levels in 

the survey were lower than the measured thermal sensation. It is recommended that future retrofits are 

adequately planned and optimised to improve both IEQ and energy performance. A whole building 

retrofit approach must balance and include factors such as human health, building fabric and energy 

savings to avoid the pitfalls of current practice. 

Keywords: Standards for Retrofits, field study, Indoor Environmental Quality, thermal comfort, indoor 

air quality, occupant survey 
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1. Introduction 

A key factor in achieving healthy environments in buildings is the provision of a high level of Indoor 

Environmental Quality (IEQ) (Loftness et al., 2007). The awareness of impacts that are posed by poor 

indoor environmental conditions has been studied across various research areas such as health and 

building sciences (Fisk, 1999; Mendell et al., 2002; Al horr et al., 2016).  IEQ refers to the acceptable 

levels of thermal, visual and acoustic comfort in addition to Indoor Air Quality (IAQ) (Wong et al., 

2008).  In both existing and new buildings, there is now an increased focus on the energy efficiency 

subsequent to the Energy Performance Buildings Directive (2010/31/EU) (EU, 2010). However, 

achieving energy efficiency does not automatically ensure better IEQ, particularly, in existing non-

domestic buildings (built during post-war period). Building owners often do not consider improving 

IEQ as a means of keeping the running costs lower and rather invest only in immediate maintenance 

and operation. Energy efficiency has been a focus of different retrofit measures through shallow or deep 

retrofits (Boermans et al., 2012). So far, the cost-effectiveness of retrofits has not been adequately 

evaluated with respect to IEQ, thereby giving it low-priority compared to energy efficiency (Stuart et 

al., 2012). The lack of understanding of IEQ could have adverse effects on the occupants in the long 

run, such as health and respiratory problems (Clements-Croome, 2008). The occurrence of health 

problems could directly affect the productivity of the occupants and induce higher costs on employers; 

therefore, quantification of productivity gains can directly motivate energy efficiency measures and 

lead to improvement in indoor environments of the buildings (Fisk, 2000). Furthermore, non-domestic 

buildings in Europe account for 25% of the total stock and have greater energy consumption per unit of 

floor area compared to dwellings (BPIE, 2011).  

 

Existing post-war non-domestic buildings such as offices, educational, commercial and institutional 

buildings have greater complexity than domestic buildings regarding internal environments: a larger 

number of occupants, a greater diversity of contaminants, mechanical systems for heating, ventilation 

and air conditioning (HVAC) and reduced personal control over thermal and ventilation conditions. 

Thus, maintaining satisfactory thermal comfort and IEQ conditions is one of the major challenges in 

existing buildings which are aimed to achieve nearly zero-energy building (nZEB) standards in the EU 

member states (Griffiths and Nolte, 2011).  

 

The REHVA position paper to the European Commission on the proposal to revise the EPBD (EU, 

2010) extensively promotes the application of methods to improve the indoor environment quality along 

with the energy efficiency (REHVA, 2017). The EN15251 standard (CEN, 2007) is a result of the EPBD 
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and specifies the criteria for achieving better indoor environmental conditions. Other standards are 

under development such as ISO/TC-205 (ISO, 2017a) and ISO 17772-1 (ISO, 2017b) that aim to 

standardise retrofits. 

 

The primary aim of this study is: (i) to assess compliance with the criteria outlined in the standard 

EN15251 (CEN, 2007) (see Table 1) for the acceptance of IEQ in an existing university building 

(National University of Ireland Galway), and (ii) to assess the impact of ad-hoc, partial retrofitting of 

the building on the IEQ. To date, the application of these criteria is not clearly outlined in the standard 

for assessing compliance in terms of age of existing buildings and not significantly covered within 

scientific research for post-war non-domestic buildings. Approximately 37% of the non-domestic 

building stock (age between 31-50 yrs.) are likely to be retrofitted in the next 20 years as estimated in 

2011 (JRC European Commission, 2011). A steady increase of up to 3% of the annual stock of non-

domestic buildings being retrofitted (light, medium and deep) was observed in countries like 

Netherlands, Belgium, Poland and Italy in 2013 (Zebra, 2013). Educational buildings account for the 

largest share of the oldest buildings in Europe out of which majority were constructed before 1980. 

Buildings from the post-war period are generally characterised by poor insulation, large single-glazed 

façades, larger floor plates, high costs for energy, and large carbon footprints.  

Table 1 Description of the applicability of the categories used (CEN, 2007) 

Category Explanation 

I High level of expectation and is recommended for spaces, occupied by vulnerable people with 

special requirements such as children, older people, those with reduced mobility etc. 

II Normal level of expectation and should be used for new buildings and renovations 

III An acceptable, moderate level of expectation and may be used for existing buildings 

IV Values outside the criteria for the above categories. This category should only be accepted for 

a limited part of the year. 

 

 

2. Indoor Environment Quality (IEQ) 

The multi-annual European roadmap for energy efficient buildings describes IEQ as an important area 

of investigation by 2020 (EC, 2013). The environmental factors of thermal comfort, visual comfort, 

acoustic and IAQ define indoor environment quality (Sarbu and Sebarchievici, 2013). Each of these 

will be discussed in the following subsections with respect to the latest standards and research.  

 

2.1 Thermal comfort 
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Thermal comfort relates to the physical environmental factors in naturally ventilated and conditioned 

environments. It is expressed as “the condition of mind in which satisfaction is expressed with thermal 

environment” (ASHRAE, 2013). There is a strong correlation between energy consumption and 

international thermal comfort standards set for the buildings (Djongyang et al., 2010). Air temperature, 

mean radiant temperature, air velocity and relative humidity are four physical environmental parameters 

that affect thermal comfort, whereas clothing value and metabolic rate are considered as personal 

parameters. A range of thermal comfort indices are available and derived based on Fanger’s equation 

of comfort such as Predicted Mean Vote (PMV) and Predicted Percentage of Dissatisfied (PPD) 

(ASHRAE, 2013). These indices are used in the assessment of existing buildings to determine the 

thermal comfort values over a long term. Thermal comfort is the most preferred factor for the evaluation 

of indoor comfort in comparison to visual, acoustic comfort and indoor air quality (Frontczak and 

Wargocki, 2011). It was also found to have an impact on the perception of other IEQ factors (Geng et 

al., 2017). Studies have indicated the failure of modern comfort models to estimate occupants’ comfort 

level in post-war existing buildings, as they do not consider local thermal discomfort (Singh et al., 

2016). There has been continuous research over recent years to align the energy use in nearly zero 

energy buildings (NZEBs) with the expected thermal comfort standards (Carlucci, 2013; Attia and 

Carlucci, 2015; Pomfret and Hashemi, 2017), where an nZEB is defined as a building that has very high 

energy performance with the nearly zero or very low amount of energy required being covered to a very 

significant extent by energy from renewable sources (EU, 2010).  

 

2.2 Visual comfort 

Poor lighting conditions can cause discomfort. Visual comfort accounts for the occupant's work 

efficiency in terms of satisfactory lighting conditions. Visual comfort is a subjective measure dependent 

on certain factors such as illumination, luminance and brightness, luminous spectrum and risk of glare 

(CEN, 2012). The presence of a good visual environment can add to the well-being and productivity of 

the occupants (Serghides et al., 2015). There are values of illuminance described in the standard EN 

12464-1 (CEN, 2011) for work places in buildings that are required to be maintained to fulfil visual 

comfort and performance needs (CEN, 2011). A literature survey by Fabi, Andersen and Corgnati, 

(2016) regarded several psychological (attitudes), social (occupancy), physical (direct sunlight) and 

contextual (orientation) driving forces responsible for visual comfort in the buildings. Occupants find 

it challenging to maintain good visual comfort as they have varied perception of glare and lighting 

levels at work places (Galasiu and Veitch, 2006). Due to the ease in measurement and low-cost the 

illuminance (lux) at the workplace is used as a common metric for the assessment of visual comfort 

(adequate lighting) in offices however, other illuminance-based metrics such as Spatial Daylight 
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Autonomy (sDA) and Useful Daylight Illuminance (UDI) correspond to measuring varying lighting 

conditions over long-term (Carlucci et al., 2015). 

 

2.3 Acoustic comfort 

Acoustic comfort is the presence of a comfortable acoustic environment without any uncomfortable 

noise (Frontczak and Wargocki, 2011). Acoustic comfort is considered a crucial for non-domestic 

buildings’ IEQ and is generally given high preference in offices and classrooms by occupants 

(Sakellaris et al., 2016; Kang et al., 2017; Ricciardi and Buratti, 2018). Occupants’ satisfaction in work-

places can be achieved by speech privacy and comfortable sound levels which is identified as the main 

problem regarding acoustic quality in office workstations (Jensen et al., 2005). Building elements play 

a significant role in offering external and internal sound insulation (ISO, 2014). The indoor system 

noise criteria of some spaces and buildings are given in terms of A-weighted sound pressure levels 

(dB(A)) that is used with the instrument-measured sound levels for the relative loudness as perceived 

by the human ear in EN15251 (CEN, 2007). These criteria apply to sources from both outside and inside 

the building so that relative loudness is measured and used to limit the sound pressure levels inside the 

spaces. Noise levels can exceed these levels in case of occupants opening windows or the operation of 

HVAC units. Retrofits can enable the reduction of indoor noise, while addressing solutions for thermal 

comfort and energy efficiency (Berkowitz, 2014). Noise criteria do not directly relate to energy 

performance but depend on the opening of fenestrations. For example, to minimise outdoor noise 

occupants may close windows in summers and this would limit natural ventilation and cooling energy 

may be required to maintain indoor thermal comfort. 

 

2.4 Indoor Air Quality (IAQ) 

IAQ is known to have acute and chronic effects on the health of the occupants (see, for example, 

Wargocki et al., 2000). It is directly related to the ventilation rates and concentration of pollutants, 

which in turn are related to Sick Building Syndrome (SBS) (see, for example, Jurado, Bankoff and 

Sanchez, 2014). In closed environments, IAQ is related to both chemical and physical causes (carbon 

oxides, CO and CO2, environmental tobacco smoke, formaldehyde, volatile organic compounds 

(VOCs), ventilation rate, temperature, dampness, ionizing and non-ionising radiation) (Di Giulio et al., 

2010). Provision of outdoor air supply is known to provide acceptable perceived IAQ (Godish and 

Spengler, 1996). The World Health Organisation (WHO) has published indoor air quality guidelines 

for selected pollutants and their health effects with the target to ensure provision of safer indoor 

environment (WHO, 2010). A review of studies on IAQ in schools by Daisey, Angell and Apte (2003) 

highlighted that classrooms in the study were not adequately ventilated, causing health related 

symptoms due to the high concentration of CO2, exposure to volatile organic compound (VOCs), 
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moulds and microbial VOCs and allergens. Many studies have investigated the influence of indoor 

carbon dioxide on occupants’ health and perceived air quality (Jones, 1999; Clements-Croome, 2008; 

Michelot and Carrega, 2014). A study on the association of CO2 with occupants’ health in commercial 

and institutional buildings of 30,000 occupants in about 400 buildings indicated the prevalence of SBS 

symptoms (Seppänen et al., 1999). CO2 concentration is considered as an indicator of the rate of 

ventilation per occupant (Seppänen et al., 1999). Since there is no common index for indoor air quality, 

it can be expressed in terms of required ventilation or CO2 concentrations (CEN, 2007). A recent study 

among European countries showed that regulations for IAQ in domestic buildings were not 

comprehensive and need additional attention as they were recognised to be the most crucial aspect in 

building codes by the focus countries: Belgium (Brussels Region), Denmark, France, Germany, Italy, 

Poland, Sweden and the UK (England and Wales) (Kunkel et al., 2015).   

 

2.5 Overview of IEQ in University buildings 

Generally, university campuses and educational establishments are known to consume increasing 

amounts of energy due to year-round operation and occupancy of offices, library, lecture halls, 

seminars, conference rooms, and laboratories (Amber et al., 2017). Many of the existing buildings in 

campuses are old and the opportunity for sustainable campus design are limited. However, their energy 

saving potential can be increased through energy-efficient retrofits, effective energy management, 

analysis of intrinsic energy consumption patterns and use of renewable energy technology (Davis and 

Nutter, 2010; Chung and Rhee, 2014). Retrofits provide opportunity for improving IAQ in buildings 

and good IAQ is crucial for a high standard of education (Daisey et al., 2003). Legislation in Ireland 

and the UK has directed colleges and universities to report their energy use and to introduce initiatives 

to improve energy efficiency. An IEQ study conducted  by Mihai and Iordache (2016) on an educational 

building evaluated the IAQ index and demonstrated that it as a good indicator of comfort, health and 

operating costs of the building. A summary of studies on IEQ in academic environments is presented 

in Table 2, illustrating the role of IEQ with respect to study/work performance and the evaluation of 

retrofits. The main findings of the studies indicated that there is a strong association of IEQ with 

occupant comfort and satisfaction, study/work performance, building condition and energy 

consumption. 

 

Linkages between environmental conditions and job satisfaction have also been identified in a study of 

95 occupants (workstations) at an open-plan office building (Newsham et al., 2009). However, a recent 

study of 167 new or recently retrofitted (<10yrs) office buildings in 8 European countries (Finland, 

France, Greece, Hungary, Italy, The Netherlands, Portugal and Spain) found that the highest satisfaction 

rating was given to lighting comfort followed by thermal comfort, noise and air quality (Sakellaris et 
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al., 2016). Since there are a number of parameters (e.g. temperature, humidity, mean radiant 

temperature, CO2, noise level etc.) involved in the estimation of the IEQ, their interaction adds to the 

complexity of evaluation for overall comfort in buildings.  Research on non-retrofitted schools  in 

Portugal by Almeida and De Freitas (2014) identified insufficient comfort and IAQ conditions. An 

indoor average air temperature of 14.6°C and low ventilation rates accounted for poor IEQ in those 

schools. 
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Table 2 Summary of five studies on IEQ evaluation in academic environments 

 
Reference 

Building/ 
Experiment 
location 

ASHRAE 
Climate zone 

Objectives Population/ 
Sample size 

Data collection method Analysis Results Main findings 

(Sulaiman 
et al., 
2013) 

G3 lecture 
complex, 
UTHM campus, 
Malaysia 

1 Framework 
identification and 
evaluation of IEQ 

370 
occupants 
(55% 
females and 
45% males) 

Measurements of thermal comfort (T, R.H), 
lighting (Classroom lux levels), noise 
(educational decibel levels) and IAQ 
(VOCs, air speed) based on Standard 
MS1525:2007. Questionnaire survey on 
thermal, visual and acoustic comfort. 

Univariate analysis  Average temperature (23ºC) and 
CO2 (513ppm) levels met standards 
but average RH (73%), noise 
(76.4dB, lux intensity (251 lux) and 
air speed (0.4m/s) differed from the 
standard. 

Overall quality of IEQ 
was found to be below 
standard in classrooms. 

(Almeida 
and De 
Freitas, 
2014) 

9 school 
buildings (2 
retrofitted and 7 
non-retrofitted), 
Northern 
Portugal 

4 Evaluation of 
hygrothermal 
performance of 
classrooms  

492 
occupants  

Continuous measurement of Temp. (T), 
Relative Humidity (R.H), CO2 and 
ventilation rates based on ISO 12569 and 
ASTM E741-00 

Descriptive 
statistics, statistical 
analysis of variance 
and 
ASHRAE graphical 
method 

Non-retrofitted schools have avg. air 
temp. of 14.9 ºC compared to ref. 
design temp of 20ºC and 25 ºC for 
winter and summer. Retrofitted 
schools had temp. within comfort 
boundaries. Overheating was 
observed in summers. 

Retrofitted schools 
were found to be 
substantially different 
to non-retrofitted 
schools. 

(Soares et 
al., 2015) 

Six buildings, 
Champs sur 
Marne, 
University 
Campus, France 

4 Energy efficiency 
audit and comfort 
assessment 

610 
occupants 
(158 in 
offices and 
452 in 
classrooms) 

Physical measurements (ISO 7726: 2002), 
thermal comfort surveys (ASHRAE 55, EN 
15251:2007)), indoor air temperature (T), 
Relative Humidity (R.H) and CO2 

concentration 

Analysis using 
Building Energy 
Model  

Refurbishment operations caused 
large differences in energy 
consumption. In summer period 
classrooms indicate overheating 
(25% PMV values above category 
III). IAQ was poor in classrooms 
(86% measured CO2 values larger 
than 800ppm)  

Audit method helps in 
offering reliable 
retrofitting 
recommendations 
reducing energy 
consumption and 
improving comfort. 

(Wang and 
Zamri, 
2013) 

Tyree Energy 
Technologies 
Buildings, 
University of 
New South 
Wales, Australia 

3 Investigate 
relationship 
between IEQ and 
study/work 
performance 

210 
occupants 

Questionnaire (acceptance of thermal, 
visual, acoustical comfort and lighting) and 
archival records used. 

Correlation 
coefficients and 
multiple linear 
regressions  

Thermal quality, acoustic quality and 
room/space layout were the main 
components of IEQ that contribute to 
study/work performance of 
occupants 

Environment variables 
and overall 
environment 
satisfaction are 
correlated with 
occupants’ study/work 
performance 

(Lee et al., 
2012) 

Classrooms and 
lecture halls, 
Hong Kong 
Polytechnic 
University 

3 Investigate the 
relationship of IEQ 
and learning 
performance in air-
conditioned 
teaching rooms 

312 
occupants 
(26% female 
and 74% 
male) 

Subjective assessments and objective 
measurements (T, R.H, CO2, air speed, 
mean radiant temp., illumination, equivalent 
sound pressure levels, occupant activity and 
clothing) 

Semantic differential 
scale and visual 
analogue scale for 
subjective 
evaluation. 

84% satisfied with thermal comfort, 
76% with IAQ, 91% with visual 
environment and 90% with aural 
environment 

There is strong 
association of overall 
IEQ votes to the 
learning performance 

Acronyms: UTHM- Universiti Tun Hussein Onn Malaysia, T- Temperature, RH- Relative humidity, VOC- Volatile Organic Compounds 
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The presented literature highlights the impact of IEQ on occupants in non-domestic buildings. Different 

methods of data collection were used for predicting the level of IEQ in new and existing buildings. 

Strong relationships have been established between occupant performance and IEQ. However, limited 

research is available that investigates the effects of partial or incomplete retrofits in non-domestic 

buildings on the occupants, whereas, most of it addresses the effects on energy efficiency. The 

methodology adopted in this research follows EN15251 for the compliance of IEQ.   

3. Methodology of investigation 

 

3.1 Field study  

This study was conducted at the National University of Ireland (NUI) Galway located on the west coast 

of Ireland. Part of the Arts and Science Building, which was built during the 1970’s, was selected for 

this IEQ study (Figure 1). The total floor plan area of the building is 14,136 m2, and the field study was 

conducted in a North-West wing of the building, with an area of 537 m2 (Figure 1). Galway has a mixed-

humid climate classified under category 4A of the ASHRAE international climate zones definitions 

(ASHRAE, 2007). Based on historical weather data of Co. Galway from 2014-2017, July is the hottest 

month with an average dry bulb temperature of 15.3C and coldest month is February with an average 

dry bulb temperature of 6.7C (Met Éireann, 2017). The wettest month of the year is October with an 

average of 144.9 mm of rain (Met Éireann, 2017). Figure 2 shows the outdoor dry bulb air temperature 

and relative humidity of the period (June’16 to June’17) during which the study was conducted, based 

on the data collected from the weather station installed at NUI Galway campus on the roof of the Arts 

and Science Building (NUIG, 2017). 
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Figure 1 Field study building (with area of study highlighted in the box) 

 

 

Figure 2 Outdoor air temperature and relative humidity profile at NUI Galway during June 2016 to June 2017 

 

The field study location was chosen based on the following factors: 

 It is the oldest part of the Arts and Science Building and has been partially retrofitted. 

 The retrofit is partially completed (ad-hoc) due to initial budget limitations and to minimise the 
impact on occupants during retrofitting. 

 There are no energy-intensive laboratories. 
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 It is a mixed occupancy building (offices, lecture halls, post-graduate rooms, conference rooms 
and laboratories). 

 The occupancy is generally between 50-60% throughout the academic year. 

As shown in Figure 3, overall there are 25 occupied zones and two corridors (Ground Floor, First Floor) 

in the wing of the building considered in this study, including 13 offices (G.0, G.1, G.2, G.4, G.5, G.6, 

G.7, G.8, G.9, G.10, G.11, G.12, G.18), 2 conference rooms (G.3, G.13), 3 laboratories (G.15, F.5, F.6), 

3 post-graduate rooms (G.14, G.16, G.17) and 4 lecture rooms (F.1, F.2, F.3, F.4). The southern part of 

the department is connected to the rest of the Arts and Science Building through corridors ending with 

doors.  

 

Figure 3 Floor plans of the study area in a North-West wing of the Arts and Science Building 

The building is either naturally ventilated without heating (June to September) or with heating (October 

to May). The university’s CHP (combined heat and power) system meets the heating and electrical 

energy demand of the building. A baseboard heating loop is present in all the zones and is controlled 

using local TRVs (thermostatic radiator valves), but the heating schedule is controlled centrally for the 

building. The building structure was constructed mainly using precast concrete technology and other 

construction components with materials are shown in Table 3.  

Table 3 Construction components and their U-values in the Arts and Science Building 

Construction component Average U-value Layers (thickness) Remarks

N 
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Roof 0.54 Roof membrane (9.5 mm) 
Roof insulation (88 mm) 
Metal Decking (1.5 mm)

- 

Ceiling 3.14 Mineral fibre board (19 mm) All zones 
Exterior walls 0.26 Metal panel (5 mm) 

Board insulation (50 mm) 
Rockwool insulation (100 mm) 
Plasterboard (12.5 mm)

All zones 

Interior walls 2.57 Plaster (20 mm) 
Concrete block (100 mm) 
Plaster (20 mm)

All zones 

Single glazing (metal frame with 
no thermal break) 

5.79 -- Non-retrofitted 
zones 

Double glazing (metal frame with 
thermal break) 

1.89 -- Retrofitted zones 

First floor 4.67 Linoleum tile (8 mm) 
Concrete dense (300 mm)

- 

Ground floor 2.57 Linoleum tile (8 mm) 
Screed (75 mm) 
DPC (3 mm) 
Concrete dense (200 mm)

- 

Doors 2.97 Wooden panel (25 mm) All zones 

 

Out of 27 zones, the façade of 13 zones was retrofitted from single-glazing (metal frame with no thermal 

break) to double-glazing (metal frame with thermal break) in 2005 (see Figure 3). The baseboards 

heaters were also replaced in all the zones with more efficient units and TRVs were attached to control 

the indoor temperature manually along with additional insulation in the walls. There was no 

programmable room thermostat available to control the heating automatically. Therefore, baseboard 

heaters would continuously function on the predefined schedule for the whole building irrespective of 

the occupancy in all the zones. All the zones have recessed lighting to maintain workplace illuminance.  

To assess IEQ in the building, short and long-term surveys were conducted over the duration of one 

year with four seasonal measurements i.e. summer (1st June- 31st Aug), autumn (1st Sep- 30th Nov), 

winter (1st Dec- 28th Feb) and spring (1st Mar- 31st May) of 2016-17. The survey participants included 

the staff and students of the department that occupies this wing of the building.  

3.2 Occupant surveys  

To conduct the IEQ assessment, a questionnaire was prepared for the staff and students based on 

guidelines in ASHRAE 55:2013 (ASHRAE, 2013) and the CBE IEQ survey (Huizenga et al., 2006). In 

a review of ten IEQ survey methods, it was found that the CBE survey had the largest number of 

occupants in buildings surveyed by ‘right-now’ and long-term evaluations (Peretti and Schiavon, 2011). 

Therefore, the questionnaire used in the field study was designed based on the CBE IEQ survey. Right-

now (Point-in-time surveys) were conducted during the times when the building was occupied, 

including questions on satisfaction with thermal comfort, visual comfort, acoustic comfort and indoor 

air quality as a part of short-term analyses. The building users were invited to take part in the surveys 
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during the four seasons as shown in Table 4. A total of 83 surveys of the office occupants (ground floor) 

were conducted with the occupants in each season exceeding the 50% occupants criteria (ASHRAE, 

2013). A total 144 surveys among students (on two separate days) were conducted in the lecture room 

F.2 (first floor) during two full days of normal occupancy. 

Table 4 PIT survey schedule 

Seasons PIT survey dates No of occupants (% of 
occupants surveyed) 

Floor 

Summer (Jun-Aug) 8th August - 28th August 2016 14 (61) Ground floor 

Autumn (Sep-Nov) 24th October - 14th November 2016 16 (53) Ground floor 

Winter (Dec-Feb) 16th January - 10th February 2017 18 (60) Ground floor 

Spring (Mar-May) 11th April - 9th May 2017 15 (50) Ground floor 

Autumn (Sep-Nov) 4th October 2016 98 (100) First floor 

Winter (Dec-Feb) 15th February 2017 46 (100) First floor 

 

3.3 Physical measurements 

Physical measurements were conducted for the IEQ variables: indoor air temperature (°C), relative 

humidity (% RH), mean radiant temperature (°C), air velocity (m/s), illumination (lux), CO2 (ppm) and 

noise level (dBA). LASCAR (EL-USB-2+) data loggers (Lascar, 2017) were used to measure 

temperature and humidity profiles of each zone in the Department at 10 minutes interval between 20th 

June 2016 and 6th June 2017, covering the four (Irish) seasons: summer, autumn, winter and spring. 

The short-term evaluation was conducted by using point-in-time measurements together with the 

occupant surveys (see Section 4.2) during working hours (8:00-16:00) for the durations shown in Table 

4, in the four seasons on the ground floor and twice in the lecture room on the first floor. The parameters 

(temperature, relative humidity, mean radiant temperature, illumination levels, CO2 and air velocity) 

were measured using a Testo-480 portable measuring instrument (Testo, 2017), where measurement 

probes were placed 1.0 m above the floor near the respondents during normal working hours, based on 

a Class II field research protocol (ASHRAE, 2009). Detailed thermal imaging was carried out on the 

building using a FLIR T335 (FLIR, 2017) camera under overcast conditions as per ISO 6781 (ISO, 

1983) to determine the potential areas of insulation defects, air leakage, thermal bridging and heat loss 

in the building. Acoustic comfort was measured using a CEL-450 sound level meter (CASELLA, 2017) 

determining the equivalent sound pressure levels during the normal working hours at a few 

representative locations in the building. A description of the data collection strategy is presented in 

detail in the appendix (Table 14). 

A weather station (NUIG, 2017) is located on the roof of the field study building (N53o 16’47’’ W9o 

03’37’’) and records weather data at one-minute intervals. The recorded parameters are: dry bulb air 
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temperature, relative humidity, barometric pressure, total and diffuse solar irradiation, wind speed, wind 

direction and rainfall. 

3.4 Calculation of physical parameters 

3.4.1 Running mean outdoor air temperatures  

In naturally ventilated buildings, to calculate the adaptive comfort ranges during summer, the indoor 

air operative temperatures are predicted based on a function of the exponentially weighted running mean 

of the outdoor temperature when the heating system is not in operation (CEN, 2007). The exponentially-

weighted outside running mean temperature accounts for time-dependency over which the occupants 

adapt to their environment and it is calculated based on Equations (1) and (2). 

1          (1) 

. . . . . .

.
      (2) 

where trm is the running mean indoor air operative temperature for today, trm-1 is the running mean indoor 

air operative temperature for the previous day, ted-1 is the daily mean external temperature for the 

previous day and ted-2 is the daily mean external temperature for the day before and so on. Here α is a 

constant between 0 and 1, which is recommended as 0.8 for use if the running means are calculated 

weekly.  

The indoor air operative temperature (trm) obtained for the rooms using the outdoor air temperature (ted) 

was used to determine the comfort ranges and cross evaluate them based on categories defined in EN 

15251 (CEN, 2007) and are shown in Table 5. 

Table 5 Indoor operative temperature limits- EN15251 (CEN, 2007) 

Category Lower limits Upper limits 

I ti min = 0.33trm + 18.8 - 2 ti max = 0.33trm + 18.8 + 2 

II ti min = 0.33trm + 18.8 – 3 ti max = 0.33trm + 18.8 + 3 

III ti min = 0.33trm + 18.8 - 4 ti max = 0.33trm + 18.8 + 4 

Note: These limits apply when 10 < trm < 30°C for the upper limit and 15 < trm < 30°C for the lower limit. 

3.4.2 PMV and PPD  

To determine the physical and contextual conditions in which the thermal environment can be evaluated 

as acceptable from the point of view of thermal comfort, Fanger performed an experiment on steady 

state heat transfer model (Carlucci, 2013). The comfort equation was derived and expanded into the 

ASHRAE 55 (ASHRAE, 2013) seven-point thermal sensation scale known as ‘Predicted Mean Vote’ 

(PMV) index. It has the following range: +3 (hot), +2 (warm), +1 (slightly warm), 0 (neutral), -1 
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(slightly neutral), -2 (cool) and -3 (cold). The PMV equation is a function of environmental variables 

as: 

, , , , ,           (3) 

where ta is air temperature [°C], tmrt is mean radiant temperature [°C], v is relative air velocity [m/s], pa 

is humidity (vapour pressure) [kPa], M is metabolic rate [W/m2], and Icl is clothing insulation [clo]. 

Further, based on the experimental studies on PMV, Fanger developed an empirical relationship of 

PMV with the ‘Predicted Percentage Dissatisfied’ (PPD) which predicts the percentage of people who 

feel more than slightly warm or cool (Fanger, 1970). The relationship between PMV and PPD is 

represented as: 

100 95	 exp 0.03353	 	 0.219	 	        (4) 

The PMV-PPD method is applied in the evaluation of thermal comfort taking into account the 

environmental variables (CEN, 2007). The thermal comfort at each point of measurement was 

calculated using Equations (3) and (4). The recommended values of these indexes and other thermal 

environment variables is given in Table 6. 

Table 6 Recommended values of thermal environment variables and indexes in EN15251 (CEN, 2007) 

 
Indoor air temperature  

(°C) 

Indoor relative 

humidity (%RH) 
PMV PPD 

Recommended 

ranges -Category 

III (EN15251) 

19°C or lower for heating (1 clo) 

20-70 -0.7<PMV<0.7 (<15% PPD) 22°C or higher for cooling (0.5 

clo) 

 

3.4.3 Ventilation and infiltration rates 

IAQ is generally expressed in terms of CO2 concentration and ventilation required for reducing the 

concentration of indoor air pollutants (Wargocki et al., 2000). Indoor CO2 is a good indicator of indoor 

air quality (Kapalo et al., 2014) and relationships between CO2 and indoor air quality have been well 

documented (Persily, 1997). Calculation of ventilation and infiltration rates in the occupied spaces is 

crucial in buildings as it directly impacts IAQ. The standards for minimum rates of ventilation are 

specified in indoor quality standards such as ASHRAE Standard 62 (ASHRAE, 2009) and EN15251 

(CEN, 2007). In the case study building, the exchange of air is possible only through windows 

(ventilation) and gaps (infiltration) in the building envelope. This field study building is naturally 

ventilated, and no mechanical ventilation is present. The measurement of ventilation and infiltration 

rates is possible using steady state or decay methods, where the CO2 generated by the occupant is used 
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as a tracer gas. The measurements of CO2 are taken for ventilation when the occupant is present in the 

building and for infiltration when the occupant is not present in the building (Kapalo, 2013; Kapalo et 

al., 2014). In this study, the steady state method is used to calculate the ventilation rates when the CO2 

concentration has reached equilibrium represented by a constant level of concentration over a time 

period of 10 to 20 minutes. Therefore, the air change rate (  can be calculated based on the average 

CO2 generation rates (Persily, 1997; ASTM, 2012) (see Equation 5). 

	 	
           (5) 

where  is the air change rate [h-1], n is the number of people in the space, Cp is the average CO2 

generation rate per person (generally 0.46 [l.min-1.person-1]); V is the volume of the room [m3]; Cs is 

the steady state indoor CO2 concentration [ppm]; CR is the CO2 concentration in supply air (outdoor air) 

[ppm]. In steady state methods, it is assumed that the ventilation rate and outdoor CO2 concentration 

are constant across the time during which the study is carried out.  

The infiltration (  in 1/s can be calculated based on CO2 concentration decay over the time period 

when the occupants are not present on the building (Kapalo, 2013; Kapalo et al., 2014), as given by: 

ln            (6) 

where  is the fresh air ventilation rate through infiltration (1/s), Cia is the CO2 concentration at moment 

a (mg/m3); Cib is the CO2 concentration at moment b (mg/m3); Cst is the CO2 concentration in supply 

air at time t (s) over which the ventilation rate is calculated.  

Volume flow of air in the zone can be calculated further by using the relationship in Equation 7.  

.            (7) 

where q is the volumetric airflow in (m3/s), fv is the infiltration rate (1/s) and V is the volume of the room 

(m3). 

4 Field study results and discussion 

The field study comprised objective (long-term and short-term measurements) and subjective (occupant 

surveys) evaluations to understand the IEQ conditions inside the building and to assess the effectiveness 

of ad-hoc and partial retrofit practices. The number of respondents was based on the availability of 

occupants throughout the year in the offices and lecture rooms. Therefore, under typical occupancy, 

more than 50% of occupants were surveyed during each of the four seasons to understand the influence 

of building conditions on their satisfaction and comfort, excluding the lecture rooms, which were 

occupied only during the academic term.  
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4.1 Thermal environmental conditions- Long-term measurements 

Long-term measurements were conducted during working hours to understand the overall profile of 

indoor thermal environment conditions throughout the study period of one year. The data logger was 

installed in each room of the building, to record air temperature and relative humidity (RH) at a time 

step of 10 minutes. A summary of outdoor temperature, humidity, total solar radiation and heating 

schedule for all the seasons are given in Table 7 for the building. 

Table 7 Summary of the outdoor and indoor conditions for the case study building 

 Summer Autumn Winter Spring 

Mean outdoor temperature [°C] 

(8:00-16:00) 

16.0 11.0 7.7 11.3 

Mean outdoor humidity [%] 

(8:00-16:00) 

83.5 89.6 92.4 74.7 

Total solar radiation [W/m2] 

(8:00-16:00) 

371.6 172.6  83.3  371.4  

Ventilation type NV NV & H NV & H NV & H 

Heating period -- 15/10/16-31/11/16 1/12/16-28/02/17* 1/03/17-14/05/17 

Daily heating schedule 
-- Mon-Sat Sun Mon-Sat Sun Mon-Fri Sat-Sun 

-- 08:00-22:00 08:00-13:00 08:00-22:00 08:00-13:00 08:00-17:00 08:00-13:00

Note: NV= Natural Ventilation; H= Heating 

*Heating is turned off for the Christmas vacation period 

 

The mean and standard deviations of the data recorded during working hours in the building for each 

season during June 2016 to June 2017 are presented in Table 8.  

The recorded summer mean outdoor temperature was 16.0°C. The measured data for indoor temperature 

and humidity was found to be within the comfortable limits during the summer period (19-22°C for a 

Category III building). Natural ventilation is the main mode of operation of the building throughout the 

year, but heating is only operational during the autumn, winter and spring period. 

The autumn season had a mean outdoor temperature of 11.0°C during office hours. The monitored data 

indicates that some zones (G.1, G.10, G.11, G.12, G.13, F.4, F.6, FF corridor) presented in Table 8 have 

their seasonal mean indoor temperature below the recommended limits as per EN15251 (19°C), even 

while the rooms were being heated as per the heating schedule in Table 7. This may be due to the 

inability of envelope to retain heat inside the zones, although G.1, G.12, G.13, F.4 and F.6 were 

retrofitted with double-glazing. Due to low average total solar radiation of 172.6 W/m2 in autumn, the 

impact of external gains through glazing can be assumed relatively low. Zones G.11 (NR) and G.12 (R) 

have similar area and orientation (NW) and they have higher standard deviation in autumn air 
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temperature compared to others, which can be attributed to the large glazing surface (94%) on the 

exposed envelope in these two zones, leading to greater indoor temperature fluctuations. However, the 

mean for relative humidity in autumn is among the highest in both the zones, which suggests that the 

occupants either kept the windows frequently open during office hours or may have other sources of 

humidity compared to others. Lower autumn mean indoor temperature of 17.3°C in zone G.11 

compared to 18.5°C in zone G.12 may be due to presence of old single-glazed façade and/or increased 

ventilation. Zone G.13 (conference room) is not constantly occupied and a low standard deviation for 

humidity reflects that the windows were not frequently opened for natural ventilation. However, the 

mean humidity level is highest in this zone compared to other zones that may be due to internal moisture 

generation (room used as a staff room/tea room). Occupant behaviour could be the reason for the high 

indoor humidity. 
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Table 8 Seasonal averages for different zones in the building during working hours 

Room  Type of 
room 

Glazing & 
Orientation 

Status Indoor air temperature (°C) Indoor relative humidity (%RH) 

Summer Autumn Winter Spring Summer Autumn Winter Spring 

Mean Stdev. Mean Stdev. Mean Stdev. Mean Stdev. Mean Stdev. Mean Stdev. Mean Stdev. Mean Stdev. 

G.0 Single office Double (SW) R 20.3 0.8 21.3 2.9 22.5 4.2 22.4 2.3 60.3 4.3 50.2 10.4 37.9 6.8 41.3 6.4 

G.1 Single office Double (SW) R 20.5 0.9 18.8 1.7 17.5 2.2 20.1 1.9 59.0 3.6 56.5 6.1 49.6 5.0 46.5 5.0 

G.2 Single office Single (SW) NR 20.5 1.1 19.3 1.9 19.1 2.8 21.1 1.7 60.6 4.3 55.7 9.1 45.7 6.7 44.8 5.9 

G.3 Conference 
room 

Single (SW) NR 19.8 1.3 19.9 3.7 19.0 4.6 21.4 3.1 62.1 4.6 54.9 11.3 46.7 8.4 44.7 6.8 

G.4 Single office Single (SW) NR 19.1 0.9 19.9 1.3 20.0 1.3 19.4 1.7 57.6 3.0 62.6 3.3 66.6 3.5 59.5 5.1 

G.5 Single office Single (SW) NR 20.0 1.0 20.1 2.2 19.5 3.1 22.4 1.9 62.0 4.1 54.3 8.9 44.9 4.9 42.2 5.3 

G.6 Single office Single (SW) NR 20.1 0.9 19.8 1.8 19.4 2.6 21.5 1.2 60.1 4.1 53.7 8.4 44.8 5.2 43.0 4.7 

G.7 Single office Double (SW) R 21.2 1.1 20.1 2.1 19.9 3.4 22.5 2.2 56.9 4.1 52.4 8.0 44.1 6.6 41.1 5.4 

G.8 Single office Single (SW) NR 20.0 1.3 19.6 2.7 18.7 3.7 21.9 2.6 62.1 4.7 55.3 8.3 48.1 7.0 44.1 6.1 

G.9 Single office Single (SW) NR 20.9 2.1 20.5 2.8 19.4 3.5 22.1 2.3 58.1 5.1 52.0 10.6 45.1 7.6 43.4 5.7 

G.10 Single office Single (SW) NR 19.7 1.2 18.5 2.1 18.4 3.7 17.0 3.6 62.9 4.5 58.6 8.3 49.2 7.3 50.4 7.0 

G.11 Single office Single (NW) NR 18.6 1.6 17.3 3.6 15.2 3.7 20.0 3.5 67.7 4.9 63.6 8.1 59.1 7.3 49.8 8.0 

G.12 Single office Double (NW) R 19.0 0.9 18.5 2.7 18.1 3.5 19.7 2.0 66.1 4.3 60.4 9.0 49.9 6.3 49.8 6.2 

G.13 Conference 
room 

Single (NE) NR 19.6 0.8 18.6 0.8 18.2 3.1 20.3 1.4 66.9 4.5 72.4 4.5 52.8 5.9 51.3 6.0 

G.14 Open plan 
office 

Double (NE) R 20.7 1.0 20.3 1.8 19.4 2.6 22.4 1.5 61.9 5.8 54.3 8.1 46.7 5.0 43.7 5.5 

G.15 Computer 
lab 

Single (NE) NR 21.5 1.5 19.5 2.1 17.8 2.5 21.6 1.7 61.0 5.4 56.8 7.4 51.1 6.1 46.2 6.8 

G.16 Open plan 
office 

Double (NE) R 21.3 0.9 20.2 1.6 20.1 2.7 22.0 1.5 60.6 4.3 55.1 7.3 46.7 4.9 45.6 5.6 

G.17 Single office Single (NE) NR 21.1 1.2 21.2 1.1 19.1 2.8 21.5 1.7 60.0 4.4 60.9 4.7 51.5 8.2 44.6 4.2 

G.18 Single office Single (NE) NR 20.1 0.9 19.7 2.2 19.3 3.0 22.0 1.7 62.2 3.7 54.4 8.0 45.8 5.2 43.4 5.6 

GF 
Corridor 

Corridor - - 20.2 0.7 19.3 1.3 18.0 1.9 20.6 1.2 61.9 4.6 56.0 8.1 49.0 6.0 46.4 5.5 

F.1 Lecture 
room 

Double (SW) R 20.7 1.1 20.9 2.2 20.7 3.4 22.8 2.2 60.2 4.3 52.4 9.2 43.3 7.4 41.2 6.8 

F.2 Lecture 
room 

Double (SW) R 20.7 1.1 21.0 2.4 21.2 3.5 22.5 1.9 59.6 4.1 51.8 9.4 42.0 6.8 41.1 6.1 

F.3 Lecture 
room 

Double (SW) R 20.3 1.0 20.2 2.3 18.4 2.7 21.1 1.7 61.1 4.2 54.6 9.3 49.1 7.5 44.3 6.5 

F.4 Lecture 
room 

Double (SW) R 20.4 1.2 18.8 2.4 17.9 3.0 19.8 2.0 61.0 4.7 58.9 7.3 51.1 6.7 47.4 5.8 

F.5 Lab Double (NW) R - - - - 18.1 3.9 20.9 2.6 - - - - 49.1 8.0 44.6 8.0 

F.6 Lab Double (NW) R 20.3 1.8 17.0 2.5 16.3 3.4 19.9 2.5 60.6 5.6 62.1 8.3 54.3 7.3 47.7 6.8 

FF 
Corridor 

Corridor Double (NE) R 21.0 1.4 18.1 2.2 17.3 3.4 20.5 2.4 61.1 5.8 58.3 8.0 49.1 7.1 43.7 6.6 

Note: SW- South West, NW- North West, NE- North East, R-Retrofitted, NR-Non- Retrofitted 
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During winter, there was a mean outdoor temperature of 7.7°C. The mean indoor temperatures of the 

retrofitted zones (G.1, G.12, F.3, F.4, F.5, F.6, FF corridor) are well below the recommended limits, as 

can be seen in Table 8. Retrofitted lecture rooms (F.3, F.4) have recorded lower mean indoor 

temperatures in winters which indicates the ineffectiveness of the envelope to maintain comfortable 

temperatures despite having a dedicated heating schedule (Table 7). During winters, windows were 

generally closed during office hours in the building; however, the labs F.5 and F.6 were naturally 

ventilated frequently, which is also indicated with the higher standard deviations in indoor temperatures 

and indoor relative humidity. Again, zone G.11 (NR) recorded the lowest mean indoor temperature and 

higher standard deviation which suggests that higher percentage of single-glazing in the room leads to 

a greater heat loss in winters and indoor temperature fluctuations.  Since weather conditions during 

winters are mostly overcast, with an average total solar radiation received of 83.3 W/m2, it may be 

deduced that orientation of the rooms did not have any major impact as external gains through the 

glazing would be relatively low in winters. 

During the spring period, the heating was operational, and occupants also regulated internal 

temperatures by natural ventilation or TRVs. The mean outdoor temperature recorded during the spring 

period was 11.3°C. However, as can be seen in Table 8, the mean indoor air temperatures were above 

22°C in 9 zones. EN15251 recommends provision of cooling above these indoor temperatures. 

However, since the heating was operational during this period in the building, improved management 

of the heating schedule could minimise overheating indoor temperatures as the outdoor spring 

temperatures are higher compared to winters. Also, a considerable external solar gain (mean total solar 

radiation 371.4 W/m2) through glazing may have led to raised indoor temperatures, especially to SW 

orientated zones (G.0, G.5, G.7, G.9, F.1, F.2) with the mean between 22.3-22.8°C. This is also 

supported by the fact that these zones have higher standard deviation compared to NW orientation 

zones. Another factor that may be responsible for the overheating was the provision of double-glazing 

and infrequent opening of windows in zones G.0, G.7, F.1 and F.2 during this period in conjunction 

with external solar gain. The windows were generally kept closed in all the zones during spring period, 

which is indicated by lower mean indoor humidity levels as compared to the outdoor average of 74% 

and lower standard deviations. 

A thermal audit was conducted in winter in accordance with ISO 10878:2013 (ISO, 2013). The audit 

indicated severe heat loss through the building façade, especially through the single-glazed façade and 

thermal bridges which reinforces the previously discussed results. Figure 4 shows the thermal images 

of the building where loss of heat is minimised on the first floor by double glazing, and partially on the 

ground floor (where some zones are single glazed). It is also evident from indoor monitoring results 

(Table 8) that significant overheating of spaces occurs during the spring when the heating is operational, 
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while natural ventilation is used by occupants to adapt for their comfort with colder outdoor 

temperatures.  

 

Figure 4 Thermal images of the building envelope (08/12/2016) 

The indoor relative humidity levels were generally found to be higher during the summer period since 

the climate is generally humid in Galway and natural ventilation balances the moisture levels with the 

outside. The relative humidity is not known to have an impact on thermal comfort, but it is found to be 

associated with perceived air quality as high humidity levels can cause increase microbiological growth 

and discomfort (Bayer et al., 2002). In this study, the mean indoor relative humidity was found to be 

within the recommended limits (Table 8). 

4.2 Point-in-time survey and measurements  

Short-term objective and subjective IEQ assessments (known as Point-in-Time surveys) were 

conducted as described in Section 3.2. The evaluation consisted of point-in-time measurements along 

with the occupant satisfaction surveys during working hours in the four seasons on the ground floor of 

the field study building and two times in the lecture room on the first floor. The parameters (temperature, 

relative humidity, mean radiant temperature, illumination levels, CO2, air velocity and noise levels) 

were measured using a portable measuring instrument. The collected data is used to analyse the indoor 

environmental conditions in terms of thermal comfort, visual comfort, acoustical comfort and indoor 

air quality. 

4.2.1 Thermal comfort (PMV/PPD) 

The PMV results (Figure 5a), estimated from measured IEQ parameters along with physical parameters 

of metabolic rate and clothing that were recorded during the point-in-time surveys, are compared with 

the Thermal Sensation Votes (TSV) from the satisfaction survey responses (Figure 5b). The PMV 

results of 83 point-in-time surveys from the ground floor zones indicate that during all the seasons the 

mean of PMV lies within the range -0.7 to 0.7 (Figure 5a), satisfying the criteria from EN15251 under 

Category III (see Table 6). However, in Figure 6 the individual data points of 83 surveys shows the 

seasonal variation of PMV and PPD outside the recommended comfort zone indicating higher 
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percentage dissatisfaction in some zones with the indoor thermal conditions.  During the winter period, 

the calculated PMV indicates slightly warm comfort sensation whereas mean of TSVs also highlight 

slightly warm conditions in the zones which may be due to occasional overheating of spaces.  

 

Figure 5 (a) Calculated PMV results and (b) Thermal Satisfaction Votes (TSVs) for ground floor zones (n=83) 

 

Figure 6 A distribution of 83 data points for ground floor PMV and PPD values 

The mean PMV results from summer, autumn and spring are below 0 (neutral sensation) and the mean 

Thermal Sensation Votes (TSVs) from the satisfaction survey (Figure 5b) are above 0 (neutral 

satisfaction) which means that the occupants prefer and are satisfied with lower temperatures. The 

summary of thermal environment variables for all the surveys is given in Table 9. It can be noted from 

the average clothing insulation values of the occupants in autumn, winter and spring are below average 

for cool conditions (1 clo) (ASHRAE, 2013) and the occupants have adapted themselves and feel 

comfortable to relatively lower temperatures than suggested in the standard EN15251.  

 



Please cite as: Zuhaib S., Manton R., Griffin, C., Hajdukiewicz M., Keane M., & Goggins J. 2018. ‘An 
Indoor Environmental Quality (IEQ) assessment of a partially-retrofitted university building’. Building 
and Environment, 139, pp. 69-85. https://doi.org/10.1016/j.buildenv.2018.05.001 

 
 

 

 

 

Table 9 Thermal environment variables during PIT survey for all ground floor zones 

Thermal environment variables Summer Autumn Winter Spring 

Air temperature(°C)* 
(8:00-16:00) 

18.6 - 21.5 17.0 - 21.3 15.2 - 22.5 17.0 - 22.8 

Relative humidity (%RH)* 
(8:00-16:00) 

56.9 - 67.7 50.2 - 72.4 37.9 - 66.6 41.1 - 59.5 

PMV -1.30 – 0.86 -2.35 – 1.08 -1.42 – 1.08 -1.35 – 0.87 

PPD (5.0% - 40.3%) (5.3% - 89.8%) (5.0% - 46.6%) (5.0% - 43.2%) 

Average clothing insulation (clo) 0.66 0.71 0.76 0.81 

Occupants metabolic rate (met) 1.0 – 1.9 1.0 – 2.1 1.0 – 1.9 1.0 – 2.0 

Occupants gender Male- 29, Female- 54 

Occupants age range (yr.) 24- 59  

*based on mean ranges from Table 9 

 

Two separate surveys were also conducted with students in the lecture room (F.2) during regular 

teaching in October 2016 and February 2017 with a total of 144 students. The mean of TSVs (Figure 

7) indicated that the room was warmer in February than October and outside the recommended comfort 

criteria, which may be due to overheating of rooms especially in winters.   

Figure 7 Lecture room F.2 TSV results (n=144) 

The schedule of heating system (Section 4.1) which is common for all the zones may have caused 

overheating specially in lecture rooms (retrofitted) as the occupants (students) are there for shorter 

period and does not regulate the TRVs regularly.  

However, by comparing the PMV box plots for retrofitted and non-retrofitted zones in Figure 8 

highlights that there are wider ranges of PMVs in non-retrofitted zones than retrofitted zones, indicating 
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higher seasonal discomfort levels in non-retrofitted zones. This may be due to the poor insulating 

properties and higher infiltration of the single-glazed façade compared to the double-glazed façade, 

leading to larger indoor temperature variations in general.   

 

 

Figure 8 Calculated PMV vs Retrofitted (R) and Non-retrofitted (NR) façade (GF zones) 

 

During the summer season, heating is not operational, and the building is only naturally ventilated. As 

PMV has been found to underestimate the range of comfort in summer, the adaptive comfort model is 

used to assess the thermal neutrality of the occupants. As per EN15251(CEN, 2007), the adaptive 

comfort models are based on relationships between the outdoor and indoor temperatures and they 

already consider the occupants clothing and metabolic levels. The occupants can regulate the thermal 

conditions only by operating the windows and adjusting their clothing. The ranges of acceptability 

(operative temperatures) are plotted for the building against the prevailing mean outdoor air 

temperatures between 10-32.5 ºC.  The mean outdoor air temperature recorded in summer season was 

16.0 ºC. There are three bands for acceptability (1) 60% acceptability (a wider band of acceptable 

operative temperatures)-Category III (2) 80% acceptability (a narrow band of acceptable air 

temperatures)- Category II and (3) 90% acceptability (a very narrow band of acceptable air temperatures 

for higher standard of thermal comfort)- Category I. The ground floor zones were found to be within 

the 90% acceptability limits with some in 80% acceptability band that correspond to occasional 

overheating during the summer period in those zones (see Figure 9).  
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Figure 9 Adaptive comfort chart for summer season (ground floor zones of the case study building) 

 

4.3 Visual comfort 

The measured average levels of work plane illuminance (also known as lighting environment) during 

working hours are given in Table 10 for the four seasons for zones with different orientations and 

occupancy types. The measured values generally satisfy or exceed the recommended minimum work 

place illuminance given in EN15251 for typical occupancy zones (see Table 10).  

Table 10 Measured work plane illuminance average values in working hours during PIT surveys 

Zones Floor 

area (m2) 

Orientation Recommended 

range: 

Category III 

EN15251 (lux) 

Work place illuminance (lux) 

Summer Autumn Winter Spring 

Single office (G.2) 12.2 SW 500 720 680 731 690 

Single office (G.7) 18.2 SW 500 512 485 370 454 

Single office (G.18) 18.0 NE 500 703 600 585 788 

Open plan office (G.14) 34.8 NE 500 385 619 584 342 

Conference room (G.3) 30.5 SW 500 - 690 440 715 

Lecture room (F.2) 74.0 SW 500 - 781 678 - 

 

The absence of any external shading system and the presence of approximately 90% glazing in all the 

zones assured adequate daylighting. Although, the required level of lighting was primarily maintained 

by artificial lighting in the zones during all the seasons as the conditions are mainly cloudy (low solar 
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radiation) as discussed in Section 4.1. During the retrofitting, the glazing ratio was maintained similar 

to the original façade and the only protection against glare are the internal vertical blinds. The results 

of all the surveyed ground floor zones (Figure 10a) and lecture room F.2 (Figure 10b) indicate that the 

occupants were satisfied with the workplace illumination levels in all the zones. 

 

Figure 10 Lighting satisfaction survey results for (a) the ground floor zones (n=83) and (b) lecture room F.2 (n=144) 

 

4.4 Acoustic comfort 

To analyse the building’s indoor acoustic environment, limits on equivalent continuous weighted sound 

pressure level (Leq) were measured once in each typical zone of different type of occupancy (office, 

conference room and lecture room) during working hours (see Table 11). Leq is often described as the 

average noise level (outdoor and indoor) during a noise measurement period. The Leq value was set by 

averaging the sound pressure levels for 2 hours and then defining the average as a representative value 

on a 2-hour basis due to equipment limitations. Therefore, unnecessary noise data could be minimised.  

Table 11 Measured physical value for acoustic comfort 

Zones Recommended criteria 

Category III-EN15251 

dB(A) 

Average of equivalent 

sound level - Leq dB(A) 

Range of equivalent sound level 

LFmn- LFmx dB(A) 

Single office (G.12) 30-40 61 26.9- 109.3 

Open plan office (G.17) 30-40 44.1 28.6- 76.9 

Conference room (G.3) 30-40 49.4 34.5- 90.6 

Lecture room (F.2) 30-40 54.3 29.6- 88.8 

 

Table 11 shows the weighted average of equivalent sound levels and the range of equivalent sound 

levels in representative rooms measured during the sampling period. The average of Leq was found a 

little above the 40 dB(A) threshold limits, which indicates higher sound pressure levels and, therefore, 

creates some discomfort to the occupants. The survey results in Figure 11a and 11b suggest that there 
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is mixed perception towards acoustical satisfaction, but neutral or higher level of satisfaction were 

observed throughout the year. 

 

Figure 11 Acoustical satisfaction survey results, (a) ground floor zones (n=83) and (b) lecture room F.2 (n=144) 

 

4.5 Indoor Air Quality 

The measurements of CO2 levels were conducted while the point in time surveys was carried out and 

the data were recorded in the occupied zones during working hours as per schedule described in Section 

3.2. The survey results for the ground floor zones in Figure 12 show relative satisfaction with the IAQ 

in each season. Similarly, the IAQ satisfaction results for the lecture room were closer to a neutral 

satisfaction (Figure 12b). However, peak values were recorded higher than 1000ppm. Several studies 

have found that CO2 concentrations above 1000 ppm results in discomfort among  approximately 20% 

of occupants (Kapalo et al., 2014).  

 

Figure 12 IAQ satisfaction survey results (a) ground floor zones (n=83) and (b) lecture room F.2 (n=144) 

The range of CO2 levels recorded in the typically occupied zones (single office, open plan office, and 

lecture room), including both retrofitted and non-retrofitted zones, are given in Table 12. The 

concentration of CO2 was measured at higher levels in autumn and winter seasons, which may be a 
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result of inadequate ventilation. There is a direct correlation of CO2 levels with the rate of ventilation 

or infiltration; this is investigated in more detail in the next section.  

Table 12 Measured physical value of CO2 for indoor air quality in typically occupied zones during working hours 

Zones Retrofit 

Status 

Recommended 

Criteria, 

Category III-EN15251 

(ppm) 

CO2 concentration (ppm) 

Summer Autumn Winter Spring 

Single office (G.7) R 500-800  442-652 630-1041 606-740 449-751 

Single office (G.8) NR 500-800 412-558 418-705 411-892 414-814 

Single office (G.18) NR 500-800 435-717 411-1320 404-1380 408-690 

Open plan office 

(G.14) 

R 500~800 373-614 388-1221 407-1180 448-1009 

Lecture room (214) R 500-800 - 685-1753 490-1225 - 

Note: R=Retrofitted; NR= Non-retrofitted 

 

4.5.1 Ventilation and infiltration rates 

Indoor CO2 is used for the calculations as a tracer gas in different zones during all seasons. The case 

study building is without mechanical ventilation and the fresh air ventilation is a combination of airflow 

through windows (purge ventilation) and infiltration (gap ventilation) or infiltration alone during 

unoccupied hours. In Table 13, the ventilation rates are calculated for typical retrofitted and non-

retrofitted zones and the results indicate that most of the zones do not meet the 4 l/s/person requirement 

(CEN, 2007). However, calculated ventilation rates were much below the recommended design value. 

Infiltration rates calculated using Equation (6) (Section 3.4.4) during unoccupied hours highlighted that 

retrofitted zones were less leaky compared to the zones with non-retrofitted façade. This, in turn, 

impacted the IAQ with the increase in the concentration of CO2 affecting occupant health and comfort 

in absence of ventilation. During the unoccupied period, the CO2 concentration exhibited strong 

dependence on time owing to steady leakage rate. Some zones were leakier than the other; therefore, 

based on linear regression of the CO2 and time, their coefficient of determination was calculated as in 

the Table 13. Close fit was observed in the data points between the CO2 decay and time with the 

trendlines. The infiltration rates were used to calculate the airflow for each zone using Equation (7) 

(Section 3.4.4) to determine the uncontrolled fresh air supply through infiltration. Based on the results, 

the field study building does not satisfy the criteria from EN15251 under category III, therefore 

indicates poor IAQ with insufficient air exchange. 
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Table 13 Calculated ventilation and infiltration rates for zones with Retrofitted (R) and Non/retrofitted façade (NR) 

Zone Area 

(m2) 

Retrofit 

status 

Season Occupants 

(n) 

Ventilation 

rates during 

occupied hours 

[l/s/person] 

Airflow due to 

infiltration 

[m3/h] 

Coefficient of 

determination 

(R2) for CO2 

concentration 

vs Time plots 

Single 

office 

(G.0) 

12.6 R Summer - - - - 

Autumn 1 2.14 0.0027 0.9246 

Winter 1 1.54 0.0041 0.9013 

Spring 1 2.42 0.0068 0.8652 

Single 

office 

(G.2) 

12.2 NR Summer 1 2.12 0.0043 0.9614 

Autumn 1 6.20 0.0050 0.8954 

Winter 1 2.48 0.0060 0.8174 

Spring 1 8.45 0.0076 0.8817 

Single 

office 

(G.7) 

18.2 R Summer 1 2.72 0.0099 0.7861 

Autumn 1 2.20 0.0109 0.8954 

Winter 1 1.89 0.0099 0.8865 

Spring 1 2.07 0.0113 0.7200 

Single 

office 

(G.8) 

18.6 NR Summer 1 3.08 0.0116 0.8247 

Autumn 1 1.85 0.0121 0.7245 

Winter 1 3.68 0.0126 0.7309 

Spring 1 1.27 0.0131 0.7869 

Open plan 

office 

(G.16) 

54.2 R Summer 3 2.64 0.0118 0.8737 

Autumn 3 2.44 0.0132 0.9915 

Winter 4 0.76 0.0176 0.9289 

Spring 3 0.82 0.0191 0.9214 

Lecture 

room (F.2) 

73.9 R Summer - - - - 

Autumn 41 4.20 - - 

Winter 22 4.00 - - 

Spring - - - - 

 

Overall, the impact of ad-hoc and partial retrofitting of the post-war building had varied impacts on the 

IEQ of the field study building. The data on thermal comfort highlighted that the occupants have 

preference for lower temperatures represented through PMV and TSVs results in Section 4.2.1. Summer 

season was most comfortable based on the adaptive comfort plot. The values of PPD were outside the 

recommended criteria given in the standards and indicate a higher percentage of dissatisfaction in all 

the zones.  Since the workplace illuminance was maintained through artificial lighting throughout the 

annual period, the occupants were generally satisfied, as shown in Section 5.2. Acoustical comfort 

evaluation in Section 5.3 suggests that the average equivalent decibel levels were higher than 
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recommended, but the occupants felt comfortable, in general, as shown in the satisfaction survey results. 

Inadequate ventilation rates in the zones resulted in increased CO2 concentration during working hours. 

Infiltration rates were found to be higher in non-retrofitted zones compared to retrofitted ones, which 

also corresponds to the lower indoor temperatures during winters while the ventilation is limited.  

5 Conclusion 

This year-long post-occupancy evaluation of a partially retrofitted university building yielded 

interesting results. The assessment of the post-war university building was carried out to understand the 

issues related to the IEQ (thermal comfort, visual comfort, acoustic comfort and indoor air quality) in 

the building and the impact of ad-hoc retrofit on it. Occupants were satisfied with slightly cool 

temperatures compared to the mean PMV results, which indicated the adaptation of occupants to 

slightly cool thermal comfort conditions with low clothing insulation mainly due to the social influence 

or behaviour. This could potentially affect the selection of retrofit interventions like managing lower 

setpoint preferences for indoor thermal comfort conditions. A contrast was observed in the mean PMV 

results of the zones with non-retrofitted façade compared to retrofitted zones, showing a wider range 

mainly due to seasonal discomfort caused by single-glazed façade. Thermal neutrality was assessed 

with an adaptive comfort model in summer and most of the occupants experienced 80-90% acceptability 

for thermal comfort as the outdoor temperatures are comfortable in Galway. Indoor operative 

temperatures were strongly related to the outdoor running mean temperatures, establishing strong 

correlation between natural ventilation and occupant comfort. Replacement of single-glazing with 

double-glazing alone was a poor retrofit selection, as discussed in the results with regard to occupant 

thermal comfort; however, it may have made an impact on energy consumption which requires further 

investigation as thermal imaging highlighted improvement in conduction of building façade and 

reduction in thermal bridges. Overheating in winters was a common problem as observed from the data 

collected and can be reduced through appropriate retrofit measures such as regulating heating schedules 

and adequate mechanical ventilation.  

The workplace illuminance levels are maintained with artificial lighting during working hours. 

Therefore, greater satisfaction was found with visual comfort in the study due to highly glazed façade. 

Acoustic comfort was found to be within the recommended limits for offices and lecture rooms and 

higher comfort may be a result of low outdoor noise and the building’s riverside location. Inadequate 

ventilation caused the indoor air quality to deteriorate in many zones during autumn, winter and spring 

seasons. A steady-state method was used to calculate the fresh air ventilation rates, but the results 

showed a deficiency of fresh air in the occupied zones and higher CO2 concentrations. Partial retrofit of 

the building was responsible for achieving better airtightness (infiltration) in few zones and it also 

impacted the thermal comfort of occupants but IAQ was not improved due to inadequate ventilation.  
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Therefore, it can be concluded that most of the occupants in the building experience their greatest levels 

of thermal discomfort in the winter season. The lack of a holistic approach to retrofits is a barrier to 

realising the full benefits of better indoor comfort. This can be addressed through better-planned 

assessments of buildings before retrofits that can aid in more effective decision making. A more 

systematic standards-based methodology could have identified the issues before implementing the 

retrofit in the field study building with adequate assessment of risk to human health, building fabric, 

and energy savings. Based on the results of this study thermal comfort and IAQ were the main 

contributors to the IEQ of the field study building. This study enhanced our understanding of assessing 

the relationship of IEQ and the ad-hoc retrofitting of façade of a post-war non-domestic building, its 

functioning and the factors which affect the indoor comfort levels. The results can help to guide the 

development of retrofitting strategies that seek to provide satisfactory IEQ to occupants and avoid 

partial retrofitting measures for non-domestic buildings. Further research is required to correlate IEQ 

and the energy performance to thoroughly inform optimal retrofitting strategies such as establishing 

retrofitting guidelines for existing non-domestic buildings (>35 years) based on field studies that 

benchmark the impact on both IEQ and energy performance. 
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Appendix 

Table 14 Description of the equipment used for data collection strategy 

Quantities measured, and 

standards followed 

Instrument Measured parameters Measurement 

range 

Accuracy Resolution of data 

collected 

Location 

Indoor thermal comfort, air 

quality and visual comfort 

(based on ISO 7726 and 

ASHRAE 55) 

Portable measurement 

Instrument (PMI)- Testo 480 

 

Indoor air temperature 0 to +50 °C ±0.3 °C summer, autumn, 

winter and spring. 

(Frequency 3 min) 

Zones where Point-in-Time 

(PIT) surveys were 

conducted 

Relative Humidity 0 to 100 %RH ±2 %rH 

Mean Radiant Temperature 0 to +120 °C Class 1 

CO2 concentration 0 to +10000 ppm 

CO2 

±(75 ppm ±3 % of mv) (0 to 

+5000 ppm) 

Light intensity 0 to +100000 Lux Class C according to DIN 

5032-7; 

f1 = 6% V-Lamda; f2 = 5% 

cos 

Air velocity 0 to +5 m/s ±0.5°C 

 

Absolute pressure +700 to +1100 hPa ±3 hPa 

Measurement of indoor 

parameters (air temperature 

and RH) based on ISO 7730 

and ISO 7726 

Lascar (EL-USB-2+) data 

loggers 

 

Air temperature -35°C to 80°C 0.45°C typical (5°C to 

60°C) 

1-year duration 

(Frequency 10 min) 

All zones  

Relative Humidity 0 to 100%RH 2.05%RH typical (10 to 

90%RH) 

Thermal images of the 

building façade as per 

specifications in ISO 6781 

FLIR T335 thermal camera 

 

Thermal image (320x240 

pixels) 

-20°C to 650°C Thermal sensitivity 

(<0.045°C at 30°C) 

Twice Outside the building  

Measurement of outdoor 

parameters 

IRUSE Weather station, NUI 

Galway 

 

Dry bulb air temperature -39.2 to +60 °C ±0.13°C 

 

1 Minute intervals Outside the building 
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Measurement of acoustical 

comfort  

CE-450 Real time Sound Level 

Meter 

 

Sound Pressure Level (dB) 0 to 140dB n/a 

 

10 Minute intervals Inside the building 
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