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Assessing the impact of environmental quality factors on the industrial performance of aged

wortkers: a literature review

Abstract

In the last decades, the age of the working population is increasing. According to EUROSTAT (2020) data on the employment
rate, the proportion of aged workers, i.e., 50 years old and over, reached 20% in all the European countries. The growing
ageing workforce is creating significant challenges in industrial structures. A consequence of workforce ageing appears to be
the reduction of workers' performance due to a decline in their overall physical and mental abilities. On the other hand, aged
workers are highly valued for their knowledge and skills developed over their years of work. For this reason, industries are
adopting strategies to allow aged workers to stay as long as possible at their workplace positions while keeping them safe and
healthy. Since 1950, the International Labor Organization and the World Health Organization suggested improving the work
environment, by acting on the indoor environmental quality (IEQ) factors, to support health and safety and increase workers
performance in the workplace. Following this recommendation, previous studies investigated the performance variation of
industrial workers due to ageing and the changes in performance due to variations in the IEQ factors. At the same time, recent
studies underlined that age represents a crucial risk factor in the worker's response to the IEQ. However, articles collecting,
categorizing and discussing such contributions to pave the way for an integrated analysis among the three factors are missing
but highly expected. To fill this gap, this paper presents a structured literature review about aged workers' characteristics, IEQ
factors (e.g., ergonomics, temperature, ventilation, relative humidity, lighting, and noise), and performance outcomes,
exploring the integration between couples of factors. Finally, this paper proposes a schematic map of the key outcomes,
highlighting how safeguarding aged workers' well-being is fundamental for maintaining or, even better, increasing industrial

workers performance.
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1. Introduction

People worldwide are living longer (Eaves et al., 2015). The increase in life expectancy and the decline in fertility rates lead to
an increase in the share of older people in the total population. The population of aged people (65 years or more) in the EU-
27 will increase significantly, rising from 90.5 million at the start of 2019 to reach 129.8 million by 2050. By contrast, the
projections suggest that there will be 13.5 % fewer people aged less than 55 years living in the EU-27 by 2050 (EUROSTAT,
2020). As people live longer than before, they are also working longer (Dimovski et al., 2019). Forecasts on the ageing of the
workforce estimate that nearly one-fifth of workers will be aged 50 and over by 2050 (Eaves et al., 2016).

Fig 1. compares data on the population ageing (over 55) in the EU-27 countries with the increase in the percentage of aged
workers (50-64 years) in the total workforce. In particular, Fig. 1 a) shows the decrease in people aged less than 55 years (light
line) and the increase in the population over 55 in EU-27 (dark lines). In 2019, people aged 55 years or more accounted for
just over one-third (33.6 %) of the total EU-27 population. The share of this age group (55 years or more) in the EU-27
population is projected to reach 40.6 % by 2050 (EUROSTAT, 2020). Fig. 1 b) shows the data from the European
Commission (2021) report "The 2021 Ageing Report". The trend foresees an increase in the share of aged workers (50-64
years) from 18% in 2019 to about 21% in 2045.
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On the one hand, a long-lasting working life offers opportunities for industries thanks to the expertise and knowledge gained
by aged workers over the years. In this context, current employment policies encourage employees to continue working longer
than in previous generations (Parkes, 2016). On the other hand, postponing the retirement age increases the risk exposure,
hence the probability of developing occupational diseases (Varianou-Mikellidou et al., 2019). In fact, as workers age, many of
the tasks they used to complete efficiently may become increasingly difficult due to a decline in mental and functional abilities
(Choi, 2015). Moreover, the extension of working life, in most cases indoors, requires assessing the factors that determine the
quality of the indoor environment. Stefanovic et al. (2019) argue that the indoor environmental quality IEQ) affects workers'
well-being, ability, and health at a workplace. The potential negative impact concerns worker performance, defined as the
accomplishment of a given task measured against known preset standards of accuracy, completeness, cost, and speed (Al Horr
et al., 2016). The decline in worker performance affects economic growth and manufacturing efficiency (Digiesi et al., 2020).
However, worker well-being and performance are complementary factors. Production systems supporting aged workers
ensure the maintenance of a high operators performance (Battini et al., 2018; Bogataj et al., 2019).

The World Health Organization (WHO), the International Labor Organization (ILO), and the continental institutions such
as the European Agency for Safety and Health at Work (EU-OSHA) provide guidelines and recommendations for companies
supporting the active ageing of the working population. These Occupational Health and Safety Management System (OHSMS)
guidelines suggest promoting active ageing as the opportunities arising from the elderly population heavily depend on their
good health (WHO, 2016). ILO (2019) suggests investing in ergonomic improvements of the working places/processes and
providing a better working environment to enable the continuing participation of aged workers in the labor market. From an
organizational point of view, the EU-OSHA publication "Healthy Workplaces for All Ages Promoting a sustainable working
life" (2016) offers solutions and design ideas for improving work shifts, introducing job rotation, reducing physical workload,
and increasing rest times.

According to these guidelines, the existing literature presents some studies investigating how the age factor strongly affects
industrial workers' performances (Van Den Heuvel et al., 2010; Case et al., 2015; Guo et al,, 2015; Kurtzer et al., 2020; Pan et
al., 2020). Other studies point out that inadequate values of the IEQ factors, e.g., ergonomics, temperature, humidity,
ventilation, lighting, and noise can significantly reduce workers' performance (Lamb and Kwok, 2016; Ben-David et al., 2017;
Steinemann et al., 2017; Kralikova and Koblasa, 2018; Szabo and Kajtar, 2018; Sun et al., 2019; Tagliabue et al., 2021). Finally,
recent studies highlighted that age represents a crucial risk factor in the worket's response to IEQ factors as individual
differences in the sensitivity to changes in environmental stressors, making difficult the interaction between people and

industrial environments (Mofidi and Akbari, 2016; Mofidi and Akbari, 2017; Castaldo et al., 2018; Pigliautile et al., 2020).



However, current literature lacks contributions collecting, categorizing and discussing such contributions to pave the way for
an integrated analysis among the three factors, i.c., age, IEQ and performance. This paper proposes a systematic review of
these contributions to fill this gap.

The following research questions (RQs) are defined to perform the analysis: What is the relationship between workers' ageing and
their change in performance? (RQ1); How do IEQ factors influence the variation in worker performance? (RQ2); What is the relationship between
workers' ageing and IEQ factors? (RQ3).

The remainder of this paper is organized as follows: the following Section 2 analyses the characteristics of the working
population with a focus on ageing and how this phenomenon impacts workers' capacities within the industry. Section 3
introduces the research approach adopted for the literature review, while Section 4 analyses the impact among age,
performance and environmental quality factors, in pairs. Finally, Section 5 concludes the paper with final remarks and future

opportunities for research.

2. Aged workers in industrial processes

The decline in fertility and the increase in life expectancy at birth are behind the sharp rise in the elderly population worldwide
(Calzavara et al., 2020). The economic pressures of these demographic trends are pouring into pension systems, forcing
workers to postpone the retirement age (Case et al., 2015). According to EUROSTAT (2020) data, the percentage of people
aged 55 years or more over the total number of persons employed in the European Union increased from 11.9 % to 20.2 %
between 2004 and 2019. The Organization for Economic Co-operation and Development (2021) defines older people from
the age of 65. However, literature studies on the ageing of the workforce define "aged workers" from the age of 50 (Eaves et
al., 2016; Parkes, 2016; Digiesi et al., 2020). In both cases, the chronological age is insufficient to express the complex and
continuous ageing process due to individual variability. The concept of age has a further dimension, known as "functional
age" (Varianou-Mikellidou et al., 2019; Varianou-Mikellidou et al., 2021). Functional age measures how well a person can
operate in a specific environment (or at a particular job) compared with other people of the same chronological age (Kowalski-
Trakofler et al., 2005). The following Section 2.1 describes the changes due to the ageing process, highlighting the natural age-
related declines in functional and cognitive abilities. Although ageing leads to substantial physical and psychological changes,
aged workers represent a relevant asset for industries. Section 2.2 presents the age-related advantages within industrial

environments.

2.1 Age-related decay

The EU-OSHA (2016) defines age as a multi-dimensional biological, psychological, and social change process. These changes
correspond to a decline in overall physical and mental health. However, individual factors such as lifestyle, pre-existing
disabilities, and fitness level make it non-universal (Lilley et al., 2018). Many ways exist in which capacity decay occurs in aged
workers. After age 50, increased muscle weakness affects joint flexibility and mobility (Choi, 2015). Moreover, changes in the
locomotor system, associated with repeated demands on the same joints, make age a significant factor in developing
Musculoskeletal Disorders (MSDs) (Claudon et al., 2020). Between the ages of 51 and 62, the prevalence of musculoskeletal
disorders among workers can increase by 15% in physically demanding tasks (Kenny et al., 2008). Boenzi et al. (2016) suggest
that MSDs cause numerous health problems, including back pain and work-related upper limb disorders. With increasing age,
the greater severity of injuries adds to the greater probability of contracting diseases. Furthermore, as aged workers have
reduced ability to recover, the need for substitute workers often arises (Thompson et al., 2015).

In addition to muscle fatigue, potential causes of injury for aged workers include sensory impairment. Hearing loss leads to
the possibility of missing alarms or other signals (Bogataj et al., 2019). Vision becomes compromised due to a hardening of

the eye's lens (Eaves et al., 2015), impacting the ability to adapt to changes in light conditions and making the eye more



sensitive to glare (Silverstein, M., 2008). Balance changes result in a higher risk of slips, trips, and falls (Choi, 2015). Finally,
the altered perception of hot and cold temperatures, due to changes in the cardiovascular system and pathologies (Crawford
et al,, 2010), causes a decline in the thermoregulation phenomenon (Case et al., 2015). Due to ageing, the decline in fluid
intelligence affects multiple cognitive abilities, including thinking, reasoning, problem-solving, remembering, and decision-
making (Digiesi et al., 2020). Cognitive deterioration impacts on adapting to changes and learning new concepts and
technologies (Dimian et al., 2016). Aged workers need more time to process information, to complete tasks on time, and to
participate in training than younger workers (Calzavara et al., 2020). The ageing process leads to physiological and cognitive
changes that can make working in later life a challenge (Eaves et al., 2016). Despite the factors listed, ensuting favorable
conditions for aged workers at the workplace means protecting an industrial asset. Section 2.2. describes the benefits that aged

workers bring within industries.

2.2 Age-related advantages

Aged workers are a valuable resource for national and global economic growth thanks to their professional and practical
experience (Dimian et al., 2016), specific knowledge, and skills (Bogatai et al., 2019). Aged workers are familiar with their work
environment and they know how to perform complex tasks. These characteristics, combined with a better safety attitude and
a more conscious use of personal protective equipment, allow aged workers to identify potentially critical situations more
easily (Han et al.,, 2019). Within industries, aged workers are considered as a relevant asset for the organization (Case et al.,
2015; Kurtzer et al., 2020) thanks to their loyalty, expertise (Kralikova and Koblasa, 2018), and autonomy, and many
companies prefer to keep them as long as possible (Choi, 2015). The study by Calzavara et al. (2020) highlights how experience
is one of the determining factors in influencing workers performance. Thanks to their expertise, aged workers can compensate

for physical decay by transferring their knowledge and skills to younger workers (Eaves et al., 2015).

3. Research method

3.1 Location of articles and paper database

The search for articles provided the insertion of search strings in scientific databases, mainly Scopus (scopus.com) and Google
Scholar (scholar.google.com). The aim was to find relevant contributions simultaneously addressing at least two out of the
three topics of interest, i.e., aged workers, IEQ factors, and industrial performance. In this way, the selected literature
contributions dealt with aged workers and performance, aged workers and IEQ factors, and IEQ factors and performance.
The analysis included the most relevant contributions published between 2000 and 2021. During the articles screening phase,
search strings included the words ageing or aged, and worker*/ workforce, combined first with performance and then with Indoor
Environmental Quality (IEQ). Finally, the word performance was combined with Indoor Environmental Quality (IEQ).

The first screening of the articles enhanced the studies presenting industry-oriented perspectives. The review took more
account of those published in international ISI/Scopus journals, exploring the vatiation in the aged workers' performance.
Moreover, the paper collection phase collected contributions that dealt with the impact of IEQ factors on the performance
of industrial workers. The paper selection also considered articles providing valuable information on the impact of
microclimatic factors on the aged workers' well-being. Contributions belonging to the thematic areas related to engineering,
psychology, neuroscience, medicine, environmental sciences, and energy were analyzed.

The saturation point was reached in the article search phase when duplicates of articles began to appear continuously. The
categorization of the selected articles took place according to the belonging to a specific electronic database (ED). The main
EDs identified are Elsevier (sciencedirect.com), MDPI (mdpi.com), Taylor & Francis (tandfonline.com), Wiley (wiley.com)
and ASCE Press (ascelibrary.org). Globally, 58 articles were selected for this review. Such articles deal with issues related to

industrial workers' well-being and performance. Some of them considered the impact of the age factor; others focused on



factors that determine the quality of the indoor environment. The following Section 3.2 provides more information on the

paper database

3.2. Paper classification
The following graphs provide some relevant metrics for the classification of the paper database. Fig. 2 shows the temporal
distribution of the selected articles. Fig. 3 and Fig. 4 show the publication sources and the EDs to which the articles belong,.

These last two figures contain only the academic journals and the most representative EDs of the analyzed papers.
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In Fig. 2, up to 82% of papers are published starting from 2015, demonstrating growing attention for the aged workers'
management and the quality of the working environment. In Fig.4, Building and Environment, Safety Science, Energy and Building
and Applied Ergonomics collect up to 32% of the considered publications, representing the privileged target to publish innovative
papers about the impact of environmental quality factors on the industrial performance of aged workers. Finally, Fig. 4
highlights the disciplinary sectors investigated in this review to analyze the impact of environmental factors on the
performance of older workers. The analyzed topic considers contributions from the following subject areas: Engineering,

Phycology, Neuroscience, Environmental Science, Energy, and Medicine.
4. The relation among age, performance, and IEQ factors

The existing literature investigates the variation in the performance of industrial workers in the field of safety science
(Stefanovic et al., 2019). Some of the studies relate the performance decline to the ageing of workers (Van Den Heuvel et al.,
2010; Case et al., 2015; Guo et al., 2015; Kurtzer et al., 2020; Pan et al., 2020), others to the change in IEQ factors (Lamb and
Kwok, 2016; Ben-David et al., 2017; Steinemann et al., 2017; Kralikova and Koblasa, 2018; Szabo and Kajtar, 2018; Sun et al.,
2019; Tagliabue et al., 2021). At the same time, other studies highlight that age represents a crucial risk factor in the worker's
response to IEQ factors (Mofidi and Akbari, 2016; Mofidi and Akbari, 2017; Castaldo et al., 2018; Pigliautile et al., 2020).
Over the years, many papers have been published, examining pairs of these three factors, i.e., age, performance, and IEQ
factors. However, articles collecting, categorizing, and discussing such contributions to pave the way for an integrated analysis
among such three factors are missing, but highly expected.

Table 1 details the correspondence between the collected papers and the above-mentioned three factors. A checkmark
indicates that the paper in the row addresses the related topic in the column. For each paper, the table indicates the date of
publication and the corresponding reference. The Age and IEQ factors columns contain subcategories for more effective
classification of the research contributions. The 4ge column distinguishes contributions that treat functional decline from
cognitive decline resulting in sensory impairments. The IEQ factors column divides the publications according to the
investigation of one or more inadequate IEQ) factors, i.e., ergonomic working conditions, temperature, relative humidity (RH),
ventilation rate (VR), lighting, and noise. Multiple matches indicate a multi-perspective focus and partial overlaps between

search topics. However, no previous study relates all the subcategories of the factors, i.e., age, IEQ, and performance.



Table 1 presents the papers in chronological order, allowing tracking the rising and evolution of each topic by the literature.

The discussion of the streams is in the following of the present Section 4.

Table 1

Literature contributions classification

Author(s) Year Age IEQ factors Performance
Poor
Functional Sensory ergonomic Inadequate oadequate Inadf:qLTnte Im'adeg'lunte .
decline impairments working temperature relaive vendlation lighting nome
condition humidity rates conditions
Salthouse 2000 v v v
Van Someren et al. 2002 v v
Kowalski-Trakofler et al. 2005 v v v v
Bortkiewicz et al. 2006 v v v
Seppinen and Fisk 2006 v v v
Kenny et al 2008 v v v
Silverstein 2008 v v v
Ismail et al. 2009 v v v v v v v
Van Den Heuvel et al. 2010 v v
Choobinch et al. 2011 v v
Case et al. 2015 v v v v
Choi 2015 v v v v
Guo etal. 2015 v v v
Kotek et al. 2015 v v v v
Thetkathuek et al. 2015 v v
Thompson et al. 2015 v v
Al Horr et al. 2016 v v v v v v
Boenzi et al. 2016 v v
Dimian et al. 2016 v v
Eaves et al. 2016 v v v v
Hamilton et al. 2016 v v
Lamb and Kwok 2016 v v v v v v
Mofidi and Akbari 2016 v v v v
Nunes 2016 v v
Parkes 2016 v v v v v v v
Ben-David et al. 2017 v v
Botti et al. 2017 v v
Mofidi and Akbari 2017 v v v v
Stazi et al. 2017 v v v
Steinemann et al. 2017 v v v v v
Battini et al. 2018 v v
Ben-David et al. 2018 v v
Castaldo et al. 2018 v v v
Digiesi et al. 2018 v v
Kralikova and Koblasa 2018 v v v v
Lilley et al. 2018 v v v
Szabo and Kajtar 2018 v v
Bogataj et al. 2019 v v v v v
Dimovski et al. 2019 v v v
Isa and Atim 2019 v v v v v
Shuang et al. 2019 v v
Sun etal. 2019 v v v v v
Varianou-Mikellidou et al. 2019 v v v v v v
Weng and Kau 2019 v v v
Bai and Wicaksono 2020 v v v v v v v
Calzavara et al. 2020 v v v v v
Claudon et al. 2020 v v v
Franco and Schito 2020 v v
Kurtzer et al. 2020 v v v
Pan et al. 2020 v v
Pigliautile et al. 2020 v v
Varianou-Mikellidou et al. 2020 v v v v



Botti et al. 2021 v v

Khoshbakht et al. 2021 v v
Ma and Qu 2021 v v v
Tagliabue et al. 2021 v v v v v v v
Varianou-Mikellidou et al. 2021 v v v
Wang et al. 2021 v v v v v v v
This paper 2021 v v v v v v v v v

Table 1 shows the correspondences between the literature and the topics investigated. The reading of Table 1 shows that no
contribution in the literature deepens the relationships between all the subcategories of the three macro topics covered. The
contents collected and categorized during the literature analysis were represented in Fig. 5. The schematic map organizes the

literature contributions and gaps, highlighting pairs of relationships between ageing workers, IEQ factors, and performance.
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Figure 5. Summary representation of literature results and gaps

The schematic of Fig. 5 is of help to structure the present review. Following the research aim, the map is defined developing
a categorisation of the factors included in the review (i.e., ageing, IEQ factors and performance), detailing their subcategories.
Furthermore, Fig. 5 combines the three factors in pairs considering the contributions of the literature presented in Table 1.
The map in Fig.5 illustrates the relationship between the ageing of workers and the decline in performance, the impact of IEQ

factors on worker performance and the relationship between ageing and IEQ factors. The direct influence of the subcategories



belonging to different factors is represented by a continuous line (e.g. reduced joint mobility and muscle strength due to ageing
directly affect workers' performance due to lower resistance to intensive tasks). Conversely, drawn lines indicate indirect
influence (e.g. changes in hearing due to ageing indirectly affect performance as they increase the risk of accidents and
consequently cause sickness absence). The arrow indicates the direction in which the influence occurs. As explained below,
the following sections describe in detail the content of Fig. 5.

Section 4.1 "Age and performance" presents the impact of the ageing decline in physical and physiological capabilities on
industrial performance. Section 4.1.1 deepens the effect of the functional decline (i.g., reduction in joint mobility, muscle
strength, and lower aerobic capacity) on task execution, while Section 4.1.2 highlight how the cognitive decline and the
resulting Sensory impairment affect work performance. Section 4.2 "IEQ factors and performance" states the impact of IEQ
factors on workers' performance. This section revises the literature contributions according to the impact of the individual
IEQ factors. Section 4.2.1 presents the impacts of ergonomic working conditions on workers' performance; while Section
4.2.2 describes how temperature affect workers' performance. Moreover, Section 4.2.3 analyzes the variation in performance
due to changes in relative humidity (RH); while Section 4.2.4 states the impact of Ventilation rates (VR). In addition, Section
4.2.5 and Section 4.2.6 describe how lighting and noise affect industrial operators' performance. Section 4.3 "Age and IEQ
factors" states how age-related decline results in reduced tolerance to environmental stresses. This section presents literature
contributions according to functional or cognitive decline and to the impact of IEQ factors. Section 4.3.1 analyzes the
relationship between aged workers' functional decline and ergonomic working conditions, while Section 4.3.2 relates
functional decline to temperature, relative humidity, and ventilation rates. Moreover, Section 4.3.3 presents the effects of
improper lighting on aged workers. Finally, Section 4.3.4 describes the relationship between age-related sensory impairment

and noise.

4.1 Age and performance

Forecasts for the near future suggest an increase in the number of aged workers 65+, close to retirement, while the share of
workers aged 50-64 seems to remain unchanged. On the contrary, the number of young workers entering the labor market is
decreasing due to a decline in births and longer training courses (European Commission, 2021).

Consequently, the main strategies to implement to maintain a positive relationship between yield and invested resources are
two. On the one hand, reducing the number of workers corresponds to a greater demand for employment in terms of hours
and services (Pan et al.,, 2020). Aged workers may find themselves working closer to their maximal capacities, with a higher
risk of chronic fatigue and musculoskeletal injuries (Kenny et al., 2008). On the other hand, it becomes necessary for aged
workers to stay longer in industries (Nunes, 2016). However, the gap between employer demand and workers' productive
capacity is increasing (Ma and Qu, 2021). In addition, aged workers may encounter health problems more frequently than
younger workers as they are subject to a decline in physical, physiological, and cognitive abilities (Case et al., 2015).

Health problems cause a reduction in performance at work. At the same time, work performance may decrease because
workers are not able to be present at work due to health problems. Thus, work performance loss due to health problems
consists of two main components, i.e., sickness absence (days off work) and sickness presenteeism (reduced performance at
work) (Van Den Heuvel et al., 2010). The literature highlights how the decline in physical and physiological capabilities and

differences in psychological attitudes and behavior affect performance (Guo et al., 2015; Kurtzer et al., 2020).

411 Functional decline and performance
As people age, physiological changes occur, and such a decline in functional capabilities potentially affects any task (Varianou-
Mikellidou et al., 2020). Case et al. (2015) suggest a noticeable reduction in joint mobility over the years. The study shows a

musculoskeletal strength decrease of the whole body from the age of 30, dropping by 30% around 60. The consequent loss



of movement speed and the maximum and rapid power negatively impact the resistance to physical work (Thompson et al.,
2015). The study in Varianou-Mikellidou et al. (2019) shows that lesser endurance combined with lower aerobic capacity after
age 40 affects the ability to perform a physically intense task or physical work over extended periods or under strict time
constraints. Aged workers need flexible pacing conditions and more breaks during working tasks to safeguard their
performance, reducing the biomechanical load (Claudon et al., 2020). Boenzi et al. (2016) study state that job rotation solutions
that minimize aged workers' load compensate for their decreased ability to meet stressful tasks.

Conversely, changes from low to high job demand, job strain, or night shifts are associated to the onset of sleep impairments.
Poor sleep quality among aged workers affects concentration, increasing workplace accidents (Parkes, 2016). Age makes
workers more vulnerable to accidents. In addition, the ability to recover quickly after an injury decreases (Karimi and
Taghaddos, 2020). However, numerous studies highlight that age does not affect the likelihood of accidents but their severity
(Choi, 2015; Lilley et al., 2018; Shuang et al., 2019; Jilcha Sileyew, 2020).

Eaves et al. (2015) collect guidelines to ease healthy ageing in the workplace. Aged workers propose improving facilities and
personal protective equipment and structuring effective knowledge transfer systems. Hartless et al. (2020) state that educating
the workforce to understand their physiological changes could be a proactive approach to reducing the industry's hazards.
Dimovski et al. (2019) consider safety training and technological updating as the key element to help workers retain their
working position and stay longer in the workforce. At the same time, continuous training allows aged workers to transfer their
knowledge to inexperienced young workers. Knowledge transfer addresses the problem of ageing and long-term skills

shortages (Eaves et al., 2015).

4.1.2 Sensory impairment and performance

As workers age, the decline in physical skills causes a reduction of cognitive abilities with a strong influence on the human
sensory perception and some mental processes such as those requiring spatial abilities, problem-solving, and processing of
complex stimuli (Silverstein, M., 2008; Dimovski et al., 2019). According to Salthouse (2000), physiological performance peaks
between ages 20—30 and then declines approximately 1% per year. As a result of these changes, the ability of an individual to
perform stressful activities declines with age, affecting work performance (Digiesi et al., 2020).

Eaves et al. (2015) highlight that visual changes impact accuracy on detailed tasks. Hearing loss leads to the possibility of
missing alarms or other signals, increasing the risk of accidents (Bogataj et al., 2019). Poor or inadequate sleep quality affected
by changes in the circadian rhythm and shifts is a causal factor in short-term performance decrements (Van Someren et al.,
2002; Parkes, 2016). Although age affects human abilities and job performance, individuals age differently. A worker may
perform work tasks that another individual may have difficulty with (Eaves et al., 2015). Workplace and tasks design must
consider age classification to ensure aged workers' well-being and performance. At the same time, the workplace should
respond to specific workers' needs to increase individual motivation, job satisfaction, creativity, and work performance

quantity and quality (Calzavara et al., 2020).

4.2 TEQ factors and performance

As employees spend a large part of the day at work, the characteristics of the work environment take on extreme importance
in influencing their mood. The continuous and dynamic interaction between people and the working environment surrounding
them produces physiological and psychological effects on operators, affecting their well-being, safety, and performance (Ismail
et al., 2009). Numerous studies underline how comfort and well-being in the workplace bring positive results in satisfied
employees and high working performances (Isa and Atim, 2019; Kralikova and Koblasa, 2018; Szabo and Kajtar, 2018).
Employees' comfort and satisfaction strongly depend on environmental factors such as ergonomics, temperature, ventilation

rates, humidity levels, lighting conditions, and noise (Tagliabue et al., 2021). These IEQ factors are the leading indicators of



well-being within an environment. On the other hand, unsatisfactory working conditions (i.e. poor indoor air quality,
insufficient ventilation, thermal discomfort conditions, poor lighting and noise) can profoundly degrade learning and workers

performance (Mofidi and Akbari, 2016; Wang et al., 2021).

4.2.1 Poor ergonomic working conditions and performance

Workplace design and ergonomics are strictly related. Poor ergonomic working conditions and workstations' equipment force
awkward postures. Repetitive movements and physically demanding tasks increase muscle strain, leading to musculoskeletal
disorders (MSDs) (Battini et al., 2018). Psychologically intense work is also a risk factor to consider in the onset of MSDs.
Ergonomic risks at the workplace lead to workers' sickness presenteeism and reduced performance (Varianou-Mikellidou et
al.,, 2019). The main consequences include damages to workers' health and financial losses to the industry (Bogataj et al., 2019).
MSDs are the most common occupational diseases with an annual cost of € 476 billion in the European Union, according to
the Agency for Safety and Health at Work (Heuvel et al., 2017). Implementing preventive strategies lead to workers'
performance improvements, limiting health expenditure. Digiesi et al. (2018) suggest applying ergonomics principles both in
design (e.g., workstation design, equipment tools) and in operational phases (e.g., workload balance, tasks assighment) to
reduce MSDs. Moteover, Choobineh et al. (2011) recognize workplace design and ergonomic training as fundamental tools

to ensure workers' well-being and performance and limit the economic impact at the industrial level.

4.2.2 Inadequate temperature and performance

Exposure to low temperatures in the workplace is an additional risk factor for MDSs (Isa and Atim, 2019). Working in a cold
environment affects the respiratory system's functioning, reducing skin blood flow and increasing blood pressure and heart
rate. Moreover, prolonged exposure to the cold environment leads to the development of cardiovascular diseases
(Thetkathuek et al., 2015).

Conversely, high temperatures cause dehydration (Calzavara et al., 2020), excessive weariness, and fatigue (Kotek et al., 2015).
In addition, inadequate temperature stresses cognitive reserves, attention, and concentration leading to severe accidents and
reducing workers' performance (Szabo and Kajtar, 2018). Seppanen et al. (2006) highlight a relation between performance and
temperature, showing a decrease in performance by 2% per °C increase of the temperature in the range of 25-32 °C, and no
effect on performance in the temperature range of 21-25 °C. Thermal stress deteriorates the intensity and quality of human

work (Szabo and Kajtar, 2018), reducing workers' performance by about 5% (Lamb and Kwok, 2016).

4.2.3 Inadequate relative humidity (RH) and performance

The ASHRAE standard (2013) states that relative humidity (RH) values outside the range (30-60%) adversely affect the
occupants' health and performance. Low RH levels within industrial environments cause the so-called "dry ait" perception,
while prolonged exposure leads to the Sick Building Syndrome (SBS). SBS is a building-related illness. The main symptoms
include dryness, itching, pain and burning in the eyes, irritated nose, and sinusitis. Prolonged exposure to low humidity leads
to respiratory irritation, headaches, lethargy, and mental fatigue (Al Horr et al., 2016). In addition, the intensive drying of the
upper airways mucous membranes decreases their protective functions against sensory irritants, e.g., oxidants, particles,
bioaerosols, and infections. In contrast, high RH levels favor mold growth. Bai and Wicaksono's (2020) study shows that by
keeping the temperature constant at 35 °C (95 °F), operator performance does not vary significantly by varying the relative
humidity percentage between 50% and 75%. However, for relative humidity values above 75%, a significant performance

deterioration is observed in slower reactions.

4.2.4 Inadequate ventilation rates (VR) and performance



Literature relates SBS symptoms to poor Indoor Air Quality (IAQ), which depends on RH, temperature, and atmospheric
contaminants. Sun et al. (2019) state that increasing Ventilation Rates (VR) reduces air pollutants' concentration while diluting
indoor air flows improves IAQ. On the other hand, the study of Kotek et al. (2015) demonstrates that low VR corresponds
to SBS symptoms such as irritation of the eyes and throat, dry mucous membranes, headache, restlessness, memory problems,
irritability, daytime sleepiness, or nightly insomnia. These symptoms result in lack of concentration, reduced working capacity,
and tasks performance, and increased sickness absence (Stazi et al., 2017; Ben-David et al., 2018).

Franco and Schito (2020) highlight that increasing VR reduces SBS symptoms and improves occupants' performance with
decreased absenteeism. Improving IAQ brings benefits in both occupant and building performance. Higher ventilation rates
in a building can result in a financial return ten to sixty times higher than annual energy and maintenance costs (Al Horr et al.,
2016). Fisk et al. (2012) provided a quantitative estimation of the benefits and costs of increasing ventilation rates in offices.
The study demonstrates an annual economic benefit of $13 billion by increasing minimum ventilation rates from 8 to 10 1/s
pet person and $38 billion by increasing ventilation rates from 8 to 151/s per petson.

However, introducing external air may not ensure the IAQ. Hamilton et al. (2016) suggest that increasing VR dilutes internal

pollution but can also spread PM particles indoor with acute and chronic health endpoints for the occupants.

4.2.5 Inadequate lighting conditions and performance

Lighting is a further critical factor in maintaining good IEQ at the workplace, as it plays a fundamental role in ensuring
operators' visual comfort. The EN 12464-1:2021 standard provides guidelines on the correct level of illumination in indoor
workplaces (Castaldo et al., 2018). Adequate control of the lighting system allows differentiating the lighting conditions based
on the activities carried out, increasing the contrast to make objects more visible and avoiding glare (Mofidi and Akbari, 2016).
Proper management of daylight and artificial light ensures that tasks are performed efficiently and effectively (Varianou-
Mikellidou et al., 2019). Conversely, improper lighting conditions contribute to eye strain, watery eyes, headaches, and blurred
vision causing difficulty perceiving letters. Errors resulting from a lack of understanding of instructions result in a significant

drop in performance (Lamb and Kwok, 2016) and significant safety issues (Bai and Wicaksono, 2020).

4.2.6 Noise

Noise levels in the workplace impact user performance, affecting operators' comfort. High noise levels are responsible for
increased blood pressure, disturbed sleep patterns, headache, hypertension, cardiovascular diseases, weariness, and
psychological stress (Isa and Atim, 2019). Lamb and Kwok (2016) demonstrate that extreme noise annoyance significantly
reduces work performance while moderate annoyance does not. On the other hand, Khoshbakht et al. (2015) highlight that
even slight noises hurt performance by reducing operators' ability to concentrate.

Environmental stressors indirectly affect work performance by reducing concentration and increasing fatigue and
distractibility. Long-term exposure to environmental forcing leads to the development of diseases. Improving IEQ allows
preserving the well-being and performance of the occupants. Comfort conditions at the workplace support both the social

and the economic sustainability of the company.

4.3 Age and IEQ factors

The relationship between IEQ factors and the aged workers' well-being is very complex. Sensitivity to changes in
environmental stressors depends on physical and subjective variables (Mofidi and Akbari, 2017). Therefore, measurable
environmental parameters alone are not sufficient to assess the occupants' comfort conditions. Castaldo et al. (2018) highlight
a lack of a systematic analysis of the impact of non-measurable factors, i.e., socio-psychological, physiological, and medical.

Ageing, considered a complex set of processes that lead to physical and cognitive decline, significantly differentiates the



physiological responses of individuals to the environment surrounding them, complicating this interaction. Although everyone
ages differently, a characteristic that distinguishes the age factor is the progressive health decline (Varianou-Mikellidou et al.,
2019). This decline results in reduced tolerance to environmental stresses (Lamb and Kwok, 2016). The inability of individuals
to respond to prolonged stress would result in cardiovascular (heart) diseases and MSDs (disorders of the nervous system,
joints, ligaments, muscles, and tendons) (Isa and Atim, 2019). Van Someren et al. (2002) add a key step. Their study states that
cardiovascular diseases result from impaitred sleep due to age and adverse work environment combination. In addition, Parkes's
(2016) study states that exposure to noise, poor lighting, inadequate temperature, and ventilation strongly contribute to sleep
disturbance and insomnia. Consequently, the deviation of IEQ factors from comfort ranges strongly affects the well-being of
aged workers. At the same time, age becomes an additional risk factor in conditions of environmental stress. Understanding
the relationships between progressive physical and cognitive decline and critical aspects of the IEQ will allow the development

of new strategies to support workforce ageing.

4.3.1 Functional decline and ergonomic working conditions

After the age of 50, individuals are subject to a decline in muscle strength (Thompson et al., 2015), limiting joint flexibility and
mobility (Choi, 2015). Changes in the locomotor system make age a significant factor in the risk of developing MSDs (Claudon
et al., 2020). Poor ergonomic working conditions and repeated requests on the same joints represent additional risk factors
for developing MSDs (Botti et al., 2017; Botti et al., 2021). Ageing and improper ergonomic working conditions lead to work
accidents and diseases. On the other hand, applying ergonomics principles both in design (e.g., workstation design, equipment
tools identification) and in operational phases (e.g., workload balance, tasks assighment) reduces the onset of MSDs (Digiesi
et al., 2018), improving job satisfaction (Kowalski-Trakofler et al., 2005). Moreover, Dimovski et al. (2019) suggest that
promoting healthy lifestyles and educational pathways to avoid the onset of MSDs, allows people to remain active until

retitement.

4.3.2 Functional decline, temperature, relative humidity, and ventilation rates

After the age of 30, the cardiovascular and respiratory systems begin to change, impacting the tolerance to heat and cold (Case
et al,, 2015). The proper thermoregulation functioning requires that the metabolic rate, heat generated from energy in the
human body, balance the rate of heat that the human body is losing (Van Someren et al., 2002). A decrease in the efficiency
of the physiological response to changes in temperature (e.g., the release of sweat to decrease the temperature) prevents the
achievement of thermal comfort (Lamb and Kwok, 2016).

Thermal comfort depends on temperature, relative humidity, and ventilation rates. However, it expresses a subjective
satisfaction with the thermal environment (Sun et al., 2019). The literature demonstrates how the possibility of acting on
temperature control improves occupant comfort (Mofidi and Akbari, 2016; Castaldo et al., 2018). Since most workers do not
have this possibility, today's industrial workplaces are not particulatly suitable for middle-aged and aged workers (Varianou-
Mikellidou et al., 2019). The study of Mofidi and Akbari (2017) states that failure to meet occupants' thermal preferences leads
to adverse health effects. Thetkathuek et al. (2015) highlight that working in a cold environment affects the respiratory system,
reducing cutaneous blood flow and increasing blood pressure and heart rate. Aged workers with hypertension should avoid
prolonged exposure to the cold environment due to the risk of developing cardiovascular diseases (Bortkiewicz et al., 20006).
Weng and Kau (2019) also consider inadequate ventilation rates a risk factor for aged workers as air pollutants threaten the
human respiratory system and the cardiovascular system, leading to cardiovascular diseases. Older age exacerbates SBS

symptoms resulting in increased sickness absence.

4.3.3 Sensory impairment and lighting



Conditions of environmental stress strongly influence age-dependent muscle fatigue and cardiovascular diseases. Similarly,
IEQ factors represent an additional risk factor for sensory impairment. Vision loss and workplace lighting are closely linked.
Vision changes occur naturally with age, but inadequate lighting can affect vision loss. As people age, the eye lens hardening
impaired vision (Eaves et al., 2015). This phenomenon affects the ability to adapt to light conditions and makes the eye more
sensitive to glare. Workplace adjustment for increasing lighting levels (e.g., installing local lighting or operational lighting to

adjust themselves) compensates for the sensory loss of aged workers.

4.3.4 Sensory impairment and noise

The ageing sensory decline also results in high-frequency hearing loss and the inability to locate the sound soutce. These
changes in hearing have a considerable impact on communication, causing psychological stress. Noise exposure at the
workplace acts as an additional risk factor affecting the operators' comfort and causing headaches, weariness, and increasing
blood pressure with the tisk of developing cardiovascular diseases (Isa and Atim, 2019). In addition, noisy work environments
increase the risk of severe accidents since changes in hearing reduce understanding of instructions, increasing the possibility
of missing alarms or other signals (Bogataj et al., 2019). A good solution is to equip offices with noise-blocking devices and
equipment to prevent noise exposure and echoes. At the same time, the addition of visual cues and vibrations makes audible

alarms understandable to everyone (Varianou-Mikellidou et al., 2019).

5 Summary and Conclusions

The increased life expectancy and the consequent extension of working life characterize today's workforce, generating new
opportunities and challenges for industries. By postponing the retirement age, employers benefit from the aged workers'
expertise and knowledge. Conversely, they face an increase in occupational diseases. Industries are adopting new strategies to
allow older workers to stay as long as possible at their workplace positions while keeping them safe and healthy. Among these,
the improvement of the factors that determine indoor environmental quality IEQ) appears to positively affect workers' health
and performance. However, ageing-related decay complicates human-environment interaction, modifying the response to
IEQ factors.

These aspects highlight that ageing, industrial performance and microclimate strategies in terms of IEQ factors are hot topics
in the recent literature. Over the years, many papers have been published, examining pairs of these three factors, e.g., the
relations between ageing and microclimate or age and performance or microclimate and performance. However, atticles
collecting, categorizing and discussing such contributions to pave the way for an integrated analysis among the three factors
are missing but highly expected. This paper presents a systematic literature review to fill this gap as well as a schematic
representation of the main literature findings and gaps. The review includes 58 atticles published between 2000 and 2021.
The research questions driving the paper and the corresponding answers are in the following,.

RQ1: What is the relationship between workers" ageing and their change in performance?

The ageing process involves a progressive functional and cognitive decline with a negative impact on task execution. Older
workers experience a significant reduction in joint mobility with consequent loss of speed of movement. Less endurance
combined with lower aerobic capacity affects performing a physically intense task for prolonged periods or under strict time
constraints.

Moreover, the decline in physical skills causes a reduction of cognitive abilities with a strong influence on the human sensory
perception. Impaired vision and hearing loss have severe consequences in terms of the health of the operator. Failure to
understand signals and alarms dramatically increases the risk of accidents at work. Thus, work performance loss due to health
problems consists of two components, sickness presenteeism (reduced performance at work) and sickness absence (days off

work).



RQ2: How do IEQ factors influence the variation in worker performance?

The continuous and dynamic interaction between people and the work environment produces physiological and psychological
effects on operators. Employees' comfort and satisfaction strongly depend on environmental factors, i.e., ergonomics,
temperature, ventilation rates, humidity levels, lighting conditions, and noise. Minimal stress levels and improved performance
indicate an individual's suitability for the work environment. On the other hand, unsatisfactory working conditions, i.e., poor
indoor air quality, insufficient ventilation, thermal discomfort conditions, poor lighting and noise, cause an increase in
workplace accidents, a reduction in work capacity, and absenteeism, degrading workers performance.

RQ3: What is the relationship between workers' ageing and IEQ factors?

Ageing significantly differentiates the physiological responses of individuals to the environment surrounding them.

The progressive functional and cognitive decline makes aged workers more susceptible to prolonged stressful situations. This
aspect is responsible for cardiovascular diseases, musculoskeletal disorders, respiratory tract inflammation (SBS), significant

sensory losses (visual and auditory), and sleep disturbances.

According to such results, Table 2 provides future research paths, highlighting crucial open research questions for the future

development of the impact of IEQ factors on aged workers' well-being and performance.

Table 2

Open research questions to guide further research

Research questions

Which metrics can be used to assess the functional age of workers?

Is it possible to quantify the decline in workers' performance by considering their functional age instead of chronological age?
How can the impact of IEQ factors on the well-being of aged workers be quantified?

How is a decline in comfort associated to reduced performance?

Which activities are most affected by the comfort decline?

Which IEQ factors have the most significant impact on the well-being and performance of aged workers?

Is it possible to compare the impacts of IEQ factors to prioritize future studies?

The formulation of open research questions represents an effective strategy to guide future research. Answering these
questions is the first starting point to expand the knowledge on the impact of IEQ factors on the industrial performance of
aged workers. The aim is to find new ways to support the ageing workforce, improving their comfort and performance, and
enhancing their experience and skills. Furthermore, similar and/or additional research questions can be formulated to
expand this research path in other underreported areas, issues, and industries.
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