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experiments, this study determined the efficiency of certain plants to remove HCHO, 

namely C. comosum and E. aureum. Under the conditions of constant temperature and 

RH and a background concentration of HCHO (0.015 - 0.05 mg/m3), the removal rate 

ranges of C. comosum were 0.003 - 0.004 mg/m3 per hour during the daytime and 0.0008 

- 0.001 mg/m3 per hour at night. The removal rate ranges of E. aureum were 0.001 - 0.003 

mg/m3 per hour during the daytime and between 0.0007 to 0.001 mg/m3 per hour at night. 

Plants therefore can reduce indoor CO2 and HCHO concentrations in clinics. It is also 

worth noting that the removal efficiency of plants is slow and continuous. The difference 

is not statistically significant due to the complex influencing factors in the actual clinic 

environment, especially human activities. Due to outdoor pollution in winter and the need 

to conserve indoor heating, the doors and windows were closed for most of the time. A 

high CO2 concentration was also recorded in the clinics. Hence, this study suggests 

installing mechanical supply and exhaust ventilation systems (Simanic et al. 2019). It 

should also be noted that in winter, haze weather frequently occurs, and the main pollutant 

is particulate matter (PM). Filters are therefore suggested to be used at outdoor air intakes 

to remove PM (Zhang et al. 2011). 

 

Although the ability of plants to remove HCHO was determined in a laboratory 

environment, the method of simply placing green plants in clinics cannot effectively and 

directly improve IAQ. Hence, combining indoor plants with other air purification 

technologies (such as ultraviolet germicidal irradiation, sorption, and filtration) and 

making comprehensive use of their respective advantages will be a major trend in future 

research. 
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1.6. Outline of the thesis 

The thesis consists of eight chapters. A summary of each chapter is outlined: 

 

Chapter One is an introductory chapter. It describes the background of the research, states 

the research gaps and the significance of the research, identifies the aim and objectives, 

introduces the research methodology, and outlines the structure of the whole thesis. 

 

Chapter Two is the literature review. The chapter first reviews air pollution in Shandong 

Province. Secondly, it systematically reviews IAQ in hospitals. Thirdly, it reviews the 

impact of indoor green plants on both IAQ and occupants. 

 

Chapter Three is the research methodology. This chapter explains the research rationale 

for adopting the MMR methodology and the application of the four methods 

(questionnaire, interview, physical measurement, and experiment). The methodology 

chapter also introduces the design, the data collection, and the data analysis for each of 

the research activities. 

 

Chapter Four introduces the initial findings of semi-structured interview A. These 

findings include determining the hospital sample, the overall impression of IAQ, factors 

that influence IAQ satisfaction, and suggestions for both IAQ improvement and placing 

indoor plants (species, numbers, and location). 
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2.2.2. Formaldehyde (HCHO) in hospitals 

Gaseous pollutants are major concerns in indoor environments, many of which are toxic 

(Jung et al. 2021). Total volatile organic compounds (TVOCs) are one of the commonest 

and most concerning gaseous pollutants (Shen et al. 2020). TVOCs are a general term for 

the amount of measured volatile organic compounds (VOCs) in the indoor air. The 

sources of TVOCs are very wide, as not only can they be produced through a variety of 

industrial processes, but can also be essential components of many products and materials. 

Most VOCs are widely used in textiles, woodworking, construction and chemical 

industries (Cheng et al. 2017). Based on its volatilisation characteristics, the concentration 

of many VOCs continues to be up to ten times higher indoors than outdoors, as they are 

emitted from numerous products including furniture, paint on walls, household cleaners, 

disinfectants and cosmetics (EPA 2017). Some VOCs are considered to be highly toxic 

and carcinogenic, causing respiratory diseases (Stamatelopoulou, Asimakopoulos, and 

Maggos 2019). High levels of VOCs are risk factors for asthma and rhinitis and may even 

cause skin cancers, melanomas, lung cancer and endocrine-related cancers (Cheng et al. 

2017). Among the various VOCs, HCHO is highly concerning due to its wide distribution 

and high carcinogenicity (Shen et al. 2020). HCHO is a colourless, flammable, and 

strong-smelling chemical (EPA 2019). Short-term exposure to high concentrations can 

lead to a burning sensation in the eyes, nose, and throat, wheezing, nausea, and skin 

irritation, etc. (Dai et al. 2018). Prolonged exposure to high concentrations of HCHO may 

increase the risk of asthma, leukemia, and nasopharyngeal cancer (Zhang et al. 2020).  

 

Hospitals are often considered to be places where high HCHO concentrations tend to 

occur, with their associated health risks (Zhang et al. 2020). HCHO has a wide range of 
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guidelines. According to the study by the WHO, limiting the concentration of HCHO to 

0.10 mg/m3 can prevent the adverse effects of short-term exposure, including sensory 

irritation, lung function damage, nasopharyngeal cancer and myeloid leukemia (WHO 

2010). Similarly, in Germany, the Committee for Indoor Air Guide Values (AIR) 

provided a precautionary guide value. The maximum concentration level of HCHO was 

below 0.10 mg/m3 in indoor air, which showed no adverse health effects even in sensitive 

subjects or after long-term exposure (Fromme et al. 2019). Table 2-1 below summaries 

the indoor exposure limits guidelines for HCHO in different countries and international 

agencies. 
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Table 2-1 The exposure limits guidelines of HCHO in indoor air 

Issued 

institution 

Guideline 

(mg/m3) 
Guideline definition Reference 

US, 

OSHA 
0.90 

Daily exposure limit for workers 

(usually 8 hours a day) in the 

workplace 

National 

Cancer 

Institution 

(2011) 

UK, 

HSE 
2.50 

Daily exposure limit for workers 

(usually 8 hours a day) in the 

workplace 

HSE (2020) 

UK, 

PHE 
0.10 

Short-term (30-minute) exposure 

limits in residential and public 

buildings (reference WHO 

recommendations) 

PHE (2019) 

WHO 0.10 

Short-term (30-minute) exposure 

limits in residential and public 

buildings 

WHO (2010) 

Germany, 

AIR 
0.10 

Maximum concentration level of a 

single substance in indoor air 

Fromme et al. 

(2019) 

China, 

NHC 
0.10 

Short-term (1 hour) exposure limits in 

residential and public buildings 
NHC (2002) 

 

In China, Indoor Air Quality Standard (GB/T 18883-2002) was formally implemented in 

2003 by the National Health Commission (NHC). It is mainly limited to IAQ in residential 

and public buildings. Its purpose is to protect human health and prevent and control indoor 

air pollution. The standard specifies the exposure limit of HCHO within one hour is 0.10 

mg/m3 (NHC 2002). Based on the above guidelines for residential and public buildings, 

it is generally recommended that the HCHO short-term (1 hour) exposure limit is 0.10 

mg/m3 (Water Treatment Services 2021). 
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Due to the publication year of GB 51039-2014 being later than GB 50736-2012, GB 

51039-2014 was set up specifically for general hospitals. The recommended guide values 

for indoor temperature and RH in clinics in winter are mainly based on Architectural and 

Design Code for General Hospitals. As shown in Table 2-3 above, this design code 

stipulates the maximum accepted indoor temperature (26 °C) in summer and the lowest 

acceptable temperature (18 °C) in winter in outpatient departments. However, the 

minimum acceptable temperature in summer and the maximum acceptable temperature 

in winter are not stipulated. 

 

In Table 2-4, the thermal comfort level is divided into two classifications: Class I and 

Class II. In China, the design standards of hospitals are classified as Class I civil buildings 

(MOHURD 2012). This design code stipulates the indoor temperature range (24 - 26 °C 

in summer, 22 - 24 °C in winter) in Class I civil buildings. Therefore, referring to the 

above two specifications, the recommended acceptable temperature range in clinics is 24 

- 26 °C in summer and 18 - 24 °C in winter. 

 

For indoor RH, Architectural and Design code for General Hospitals, only stipulates the 

maximum acceptable RH level (65%) in the operating rooms in summer and the minimum 

level (30%) in winter, while outpatient and inpatient departments are not mentioned. In 

Table 2-4, the design code (Class I) stipulates the minimum RH level in summer to be 

30%, and the RH range in winter should be within 40 - 60 %. Therefore, referring to the 

above two specifications, the recommended acceptable RH range in clinics is 30 - 65 % 

in summer and the temperature range is 30 - 60 °C in winter.  
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Based on the comprehensive analysis in Table 2-5, the classification of all the reported 

studies is presented in Figure 2-1. As depicted in Figure 2-1, only one study conducted 

subjective surveys, 17 studies adapted objective assessments, and the other 12 studies 

combined both subjective and objective assessments. Performing field measurements was 

the most commonly used method for evaluating IAQ in hospitals. Physical measurements 

mainly monitored chemical pollutants, thermal comfort zones, particulate matters, and 

biological samplings. The measured results were usually compared with local IAQ 

guidelines (Jung et al. 2015; Baurès et al. 2018; Hwang, Roh, and Park 2018). 

 

 
Figure 2-1 The approaches of IAQ audits in hospitals 
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Figure 2-2 The program of IAQ audit in hospitals 
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Figure 2-3 Reporting rates of physical symptoms during working hours in three hospital environments: Singapore hospital, Greek hospitals, 

and Padua hospital 
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particulate measurements such as PM10 and PM2.5, and biological pollutant levels 

including the bacteria and fungi content. At the same time, the survey-based perceived 

IAQ is correlated with the air exchange rate, temperature and RH. In this section, 21 

studies are reviewed involving physical measurements in hospitals, as summarised in 

Table 2-7: 
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Furthermore, it is necessary to explore methods to remove indoor gaseous pollutants and 

further improve IAQ in hospitals. In the next section, the efficiency of plants to remove 

gaseous pollutants and the impact on occupants is reviewed. 
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2.4. The effects of indoor plants on IAQ and 

occupants 

2.4.1. The effects of plants on IAQ 

As reviewed in Section 2.3, HCHO contamination in hospitals has a significant impact 

on the health of occupants. Like humans, plants themselves are also victims of air 

pollution, but they have developed very effective defense mechanisms (Gawronski et al. 

2017). With indoor pollution seriously threatening human health, plants may be a 

sustainable solution to improve IAQ (Brilli et al. 2018). Plants are highly autotrophic 

organisms and require intensive gas exchange during their life cycles. During this process, 

some gaseous air pollutants may be absorbed (Gawronski et al. 2017). As early as the 

1980s, the National Aeronautics and Space Administration (NASA) had experimentally 

demonstrated the ability of plants to remove gaseous pollutants (Soreanu, Dixon, and 

Darlington 2013). In an indoor environment, the selection and arrangement of plants are 

usually based on aesthetic characteristics, and their abilities to remove indoor air 

pollutants is often overlooked (Brilli et al. 2018). In recent years, some studies and 

experiments have demonstrated the ability and efficiency of specific plants to remove 

indoor air pollutants. Table 2-8 summaries these studies on the efficiency of indoor plants 

to remove indoor gas pollutants, especially HCHO.  

 











 

 70 

The indoor environments studied involved office and residential buildings, hospitals, and 

a laboratory designed experiment. Although there are many studies on the removal of 

indoor air pollutants by plants, most of them are concentrated in controlled environments 

with sufficient pollutants, and less research has been carried out in the field. As shown in 

Table 2-8 above, of the 11 studies, four were carried out in the field and seven were 

experiments in an exposure chamber. These four field studies investigated the ability of 

plants to remove VOCs in offices, remove HCHO in residentials, and absorb CO2 in both 

residentials and hospitals. Next, a critical review and discussion will focus on the 

efficiency of plants in the removal of VOCs, HCHO and CO2 in different indoor 

environments. 

 

2.4.1.1. The effect of plants in removing gaseous pollutants 

in a field study 

Some indoor potted plant species can absorb gaseous pollutants from the indoor air into 

their leaves and translocate pollutants to the root zone, then break them down with 

microorganisms grown in the roots (Franchini and Mannucci 2018). Brilli et al. (2018) 

indicate that plants contain enzymes that can catalyse the degradation of pollutants. 

Airborne pollutants can undergo transformation following enzymatic oxidation after 

absorption through the leaf stomatal uptake and with plant endogenous compounds (such 

as sugars, amino acid, organic acids, and peptides) to conversion into different 

bioproducts via conjugation. After the process of catabolism, the assimilated pollutants 

may either be re-expelled from the plants (re-emission into the air or ejection via root 

exudates into the soil), or further metabolised, finally becoming carbon and energy 
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sources. The mechanisms of scavenging and detoxification by plant enzymes can 

maintain a decreasing gradient for pollutants concentration between the interior of the 

leaves and the indoor air. When the stomata are open, it allows a steady and continuous 

uptake.  

 

In the office environment, the efficiency of plants to absorb VOCs has been verified. 

According to research by Wood et al. (2006), the potted plants D. deremensis and 

Spathiphyllum can both reduce the concentration of VOCs in an office environment. 

Compared with a room without plants, the concentration of VOCs is reduced by 50% to 

70%. The removal efficiency of plants is the same under air-conditioned and non-air-

conditioned conditions. Under the premise of the same quantity, the removal efficiency 

of the combination of D. deremensis and Spathiphyllum is more effective than D. 

deremensis alone.  

 

In the residential environment, compared with households without plants, households 

with multiple combinations of plants have much lower HCHO concentrations. Based on 

the study by Lim et al. (2009), the concentration of HCHO in households without plants 

did not change over time and remained at around 0.07 mg/m3 from January to July. 

Household with plants however maintained a low HCHO content in January at 0.03 

mg/m3, which decreased to 0.01 mg/m3 in July. 

 

In addition, it is known that plants can simultaneously absorb CO2 and release O2 through 

photosynthetic metabolism during the day. Meanwhile, water vapour can transpire from 

the leaves through microscopic leaf pores (namely stomata) to increase air humidity 
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(Gawronski et al. 2017). Hence, indoor ornamental plants can be applied and developed 

for the removal of indoor CO2, with an appropriate selection of plant species, over an 

appropriate extension of illumination time and intensity (Torpy, Irga, and Burchett 2014). 

The effectiveness of plants in reducing CO2 may depend on the chlorophyll content of the 

leaves, which is one of the most important factors in influencing photosynthesis for the 

quantity of chlorophyll (Cetin and Sevik 2016).  

 

In a hospital environment, the ability of some succulent plants to absorb CO2 has been 

investigated. Among them, A. deltoidea was found to be the most effective, absorbing 

nearly 80% of the accumulated CO2 in a hospital room. Under the same conditions, mixed 

succulents had better CO2 removal efficiency than single succulents (Raza, Shylaja, and 

Gopal 1995). 

 

2.4.1.2. The effect of plants in removing gaseous pollutants 

in laboratory experiments 

As mentioned above, plants in the office can reduce the concentration of VOCs. Similarly, 

experiments in exposure chambers have also proved that the D. deremensis and 

Spathiphyllum can provide an effective and sustainable bioremediation system for VOCs 

pollution in indoor air. The concentrations of 0.65, 3.23, 32.29 and 322.91 mg/m3 were 

applied to D. deremensis and Spathiphyllum in the chamber, respectively. At each dosage, 

the VOCs concentrations could be reduced to below undetectable level within 24 hours. 

The removal efficiency of plants increased with an increase in the inlet concentration of 

VOCs (Orwell et al. 2006). 
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2.5. Summary 

Based on the reviews of the above-mentioned literatures, some research gaps in the 

studies and practices indicated the need for further study. Although many studies have 

comprehensively investigated IAQ in hospitals, there was still a lack of research data on 

clinical IAQ in winter in Shandong Province. Therefore, a further study involving a 

comprehensive survey of clinical IAQ in winter in Shandong province was conducted in 

this research. The subjective investigations showed that medical staff and inpatients had 

different requirements for IAQ (De Giuli et al. 2013), which needed to be discussed. 

Moreover, the frequency with which staff reported physical symptoms whilst working in 

clinics also required further investigation. Among the physical measurements of IAQ in 

hospitals, only four studies investigated the concentration of HCHO in hospitals (Cheong 

and Chong 2001; Dascalaki et al. 2008; Jung et al. 2015; Hwang, Roh, and Park 2018). 

The locations of these studies were mostly concentrated in hospital offices, wards, and 

operating rooms, etc. Due to the large differences in the distribution of pollutants in 

various departments of hospitals and the high threat of HCHO to health (Guo et al. 2004; 

Leung and Chan 2006; Dai et al. 2018; Zhang et al. 2020), it was necessary to focus the 

field investigations of this research on the concentration of HCHO in a clinical 

environment.  

 

In addition, as mentioned above, there was a certain correlation between various 

pollutants. When the indoor CO2 concentration was high, a high concentration of HCHO 

was usually detected (Hwang, Roh, and Park 2018). Changes of indoor temperature and 

RH can also cause variations in HCHO concentration (Tao et al. 2015). While 
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effects of plants on both the indoor environment and occupants. Based on the research 

methods used in previous studies, the most comprehensive IAQ assessment method is a 

combination of objective and subjective methods (De Giuli et al. 2013). Evaluating the 

removal efficiency of pollutants by plants is based on experiments. However, the use of 

a single qualitative or quantitative method cannot achieve the purpose of this research. 

Therefore, MMR was considered the most suitable approach in this study, and both 

qualitative data and quantitative data were collected.  

 

According to Creswell and Creswell (2017), there are three primary MMR designs found 

in social and health sciences: convergent mixed methods, exploratory sequential mixed 

methods, and explanatory sequential mixed methods. Convergent design is also called 

concurrent design, which refers to the collection and analysis of qualitative and 

quantitative data within a similar time frame (Fetters, Curry, and Creswell 2013). In 

convergence design, qualitative and quantitative data can be combined in various stages, 

to facilitate comparison results (Clark 2019). Different from the convergence design, the 

purpose of the sequential design is to have each phase of the mixed methods study build 

on the others (Fetters, Curry, and Creswell 2013). Exploratory sequential design first 

collects and analyses qualitative data, and these results and findings inform subsequent 

quantitative data collections (Onwuegbuzie, Bustamante, and Nelson 2010; Fetters, Curry, 

and Creswell 2013). An explanatory sequential design is the opposite, first collecting 

quantitative data to provide support for the subsequent qualitative research (Ivankova, 

Creswell, and Stick 2006; Fetters, Curry, and Creswell 2013). 
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The research methodology design is shown in Figure 3-1 based on the above-mentioned 

three basic designs of MMR and combined with the research objectives. The core design 

of this research advocated an explanatory sequential mixed approach. The research 

methodology design was then divided into three main sections. The first phase of the 

research used interviews to collect qualitative data to identify the investigation area. In 

other words, the preliminary qualitative investigation was to prepare for the subsequent 

quantitative data collection and to determine the direction of the data collection. In the 

second stage, the quantitative data was collected and analysed to build the qualitative 

(third phase) data collection. The research methods used were questionaries, physical 

measurements, and experiments. In the third stage, the qualitative data was collected 

using interviews. The collection of qualitative data helped to explain the initial 

quantitative results in more detail (Creswell and Clark 2018). Meanwhile, the results of 

the qualitative research in the third phase and the quantitative research were triangulated 

and integrated, so as to finally answer the research questions and achieve the research 

aims.  

 
Figure 3-1 Research methodology design  
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Once the research methodology had been determined, the next step was to establish a 

stepwise programme of research design. According to the research objectives, the 

literature review, and the research methodology design, four research methods were: 

interviews, questionnaires, physical measurements, and experiments. Figure 3-2 shows 

the research program design:  

 

 
Figure 3-2 The design of the research program 

 

The whole research process can be divided into four phases: investigation area 

identification; clinical IAQ investigation; removal efficiency of plants; and subjective 

data supplement. The following four parts will introduce these four stages in detail, 
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including the purpose and reason for using the methods, the design of each method, the 

data collection and the data analysis. 
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the walk-through inspection was started after interview A at the investigated hospital. The 

major purpose of this hospital visit was to identify both the potential study areas and the 

suitable monitoring locations (Cheong and Chong 2001). 

 

3.2.1. Geospatial information on the hospitals 

This research was conducted in a county-level city in central Shandong Province, China. 

Shandong is a coastal province located in eastern China. In the southeast direction of 

Beijing, the straight-line distance is about 400 km. In the northwest direction of Shanghai, 

the straight-line distance is about 500 km. Shandong has a warm, temperate monsoon 

climate with four distinct seasons. The winter is cold and dry. Figure 3-3 shows the 

location of Shandong relative to Beijing (the capital), and Shanghai: 

 

 
Figure 3-3 The location of Shandong Province in China 
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In China, a hospital can be classified into three levels depending on the scale of the 

building, its scientific research capabilities, and medical equipment, etc. (Li, Du, and Hu 

2020). The sequence from the lowest to the highest level is primary, secondary, and 

tertiary. A primary hospital is a basic health care institution, mainly for a community. A 

secondary hospital is a regional hospital that can provide comprehensive medical services 

across communities. A tertiary hospital provides medical and health services to cities, 

provinces, and even nationwide. A tertiary hospital is a medical technology centre with 

comprehensive medical, teaching and scientific research capabilities (Zhang et al. 2018).  

 

A primary hospital for the community can only provide the most basic health care services 

but cannot afford to support the entire city-level medical security. Based on the size of 

the hospital and its medical functions, this study selected secondary and tertiary hospitals 

for the interview investigations. In urban areas, there are one tertiary and two secondary 

hospitals in a city. Hence, interview A was conducted in three hospitals: Tertiary Hospital 

A, Secondary Hospital B and Secondary Hospital C. Table 3-1 introduces the basic 

statistics of the three hospitals: 
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3.2.2.2. Data collection and analysis 

In qualitative research, there is no clear reference range for the size of a sample (Marshall 

et al. 2013). Qualitative research usually focuses on developing the depth rather than the 

breadth of understanding, and the minimum acceptable sample size is one sample 

(Vasileiou et al. 2018). For interviews, very large amounts of data can hinder meaningful, 

timely, and qualitative analysis (Boddy 2016). Sandelowski (1995) suggested that 50 

interviews would be a relatively large sample size for qualitative research. Any qualitative 

sample size over 30 can become too clumsy to manage and analyse (Boddy 2016).  

 

When demonstrating the required sample size, the scope of the research, the time and cost 

of the interviews should be considered, as well as the collected sample being as 

representative of the population as possible (Boddy 2016). Due to the purpose of 

interview A and the uncertainty of the response rate in the hospital, this study decided to 

use a relatively large sample size to make the collected samplings as representative of the 

population as much as possible. 

 

The data collection took place between September 01, 2019 and November 01, 2019. A 

total of 120 invitation letters were distributed to the three hospitals, and each hospital 

received 40 invitation letters: Tertiary Hospital A (40), Secondary Hospital B (40), and 

Secondary Hospital C (40). In each hospital, 20 staff members and 20 visitors received 

an invitation letter. Finally, a total of 56 participated, 10 participants from Hospital A, 28 

participants from Hospital B, and 18 participants from Hospital C. Figure 3-4 shows the 

number of invitation letters issued and the number of people who ultimately participated 

in the interview: 
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hospital was established in 1990. It consists of two buildings, an outpatients and an 

inpatients building, including treatment rooms, inpatients departments, outpatients 

departments, staff offices and emergency treatment departments, etc. The two buildings 

are occupied all day and are located in a densely populated residential area adjacent to 

heavy traffic. Figure 3-5 shows a schematic diagram of the hospital: 

 

 
Figure 3-5 The schematic diagram of the general hospital 

 

After approval by the hospital management, an initial visit to the two buildings was 

conducted during November 08, 2019 to November 10, 2019. Most of the clinics were 

located in the outpatients building. Therefore, the research activities were carried out 

there. The outpatients building has three floors: the ground floor is for clinic rooms, the 

first floor is for examination rooms (such as the radiology examination rooms), and the 
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4 (25 m2) of the Acupuncture Clinic. The floor plan of the outpatients department with 

measured points is shown in Figure 3-6: 

 

 
Figure 3-6 Floor plan of the outpatients department with measured points 

 

As shown in Figure 3-6 above, a total of six monitoring locations were selected, with five 

indoor and one outdoor sampling points. One monitoring point was set up in each of the 

four clinics. The four clinics were all located on the west side of the outpatients 

department on the first floor. The windows of the four clinics were on the south side and 

the doors on the north side. The sizes of Clinics 1, 2, and 3 were exactly the same. The 

daily number of occupants in the three clinics was also basically the same. Clinic 4 was 

larger than the other three rooms (5 m2) and there were more occupants in one day than 

in the other three clinics. The selection of Clinic 4 was to explore the influence of the 

number of occupants on IAQ. A monitoring Point 5 was set up in the corridor near the 

entrance of the four clinics. A monitoring Point 6 was set up outdoors near the windows 

of the four clinics. The selection of Point 5 and Point 6 was to identify the source of 
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HCHO (the detailed analysis will be discussed in Chapter 5). Figure 3-7 shows the 

internal and external views of the six sampling sites: 

 

 
Figure 3-7 Internal and external views of sampling sites: (a) Cardiology clinic room 1; 

(b) Encephalopathy clinic room 2; (c) Gastroenterology clinic room 3; (d) Acupuncture 

clinic room 4; (e) Corridor; and (f) Outdoor sampling point 
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3.3. Clinical IAQ investigation 

Stage two of the research was the clinical IAQ investigation. Before placing the plants in 

the clinics, it was necessary to have a comprehensive understanding of the current IAQ. 

As discussed in Section 2.3.1, the combination of an objective and a subjective approach 

is a comprehensive method for the assessment of the IAQ (De Giuli et al. 2013). Hence, 

after the investigation area was identified, questionnaire A and physical measurement A 

were conducted at the same time in Hospital B. 

 

Designing questionnaires is a simple, fast and effective way to extract subjective data 

from respondents (Rattray and Jones 2007). The use of questionnaires is currently the 

most useful and common way to collect subjective data in hospital surveys, which has 

also been determined in the previous studies in Section 2.3.1. In general, survey questions 

can be divided into three structures: closed, open-ended, and contingency questions 

(Siniscalco and Auriat 2005). A questionnaire with closed questions was designed, which 

asked the respondents to choose the answer that best represented their point of view from 

a set of possible answers (Acharya 2010). The main advantages of closed questions are 

as follows (Siniscalco and Auriat 2005): (1) the respondents are restricted to a finite set 

of responses; (2) they are easy and quick to answer; (3) they have response categories that 

are easy to code. Since the purpose of the questionnaire is to collect subjective data for 

quantitative analysis, closed-ended questions were easy both to manage and to analyse 

the results. Moreover, due to the complex indoor environment of the hospital, adopting a 

convenient and fast method to collect data not only minimised the pressures on medical 

staff and visitors to answer the questions, but also increased the response rate. 





















https://www.sciencedirect.com/topics/earth-and-planetary-sciences/rangefinding
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Figure 3-11 The sampler used in this study 

 

3.3.2.2. Data collection and analysis 

The measurements were conducted from November 11, 2019 to November 16, 2019, at 

the same time as questionnaire A. CO2 is primarily a by-product of human metabolism, 

and the concentration of CO2 is always higher in hospital environments than the outdoors 

(Chamseddine et al. 2019). Hence, this study only measured indoor CO2 concentrations. 

The records of outdoor temperatures and RH came from the local weather station. 

 

The indoor temperatures, RH, and CO2 samples were collected from the four clinics and 

the measured points are shown in Figure 3-6. The first data set was recorded at 9 am on 

Monday and updated every ten minutes thereafter. The last data update was at 5 pm on 
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Saturday. Therefore, each clinic recorded 768 temperature, 768 RH and 768 CO2 data 

values. For outdoor temperatures and RH, the first data was recorded at 8 am on Monday 

and updated every three hours thereafter from the local weather station. The last data 

update was at 5 pm on Saturday. Therefore, 44 temperature and 44 RH data values were 

recorded. 

 

The HCHO samples were collected from the four clinics, one corridor (5) and one outdoor 

sampling point (6) (Figure 3-6). According to Examination methods for public places: 

Part 2. Chemical pollutants (GB/T 18204.2-2014) (NHC 2014), one measuring point 

setting for a single measurement is enough for an indoor area of less than 50m2. In order 

to understand the indoor HCHO concentration and its changing trend as much as possible, 

sampling was performed three times a day during working hours at 9 am, 12 pm, and 3 

pm. The time taken for a single sampling was 20 minutes. For indoor HCHO samples, 

two field blank samples were collected. One blank sample was collected at 3 pm on 

Saturday in Clinic 1. Another blank sample was collected at 3 pm on Saturday in Clinic 

4. The field blank samples were treated identically to the other samples and were analysed 

in the same manner. No target substances were detected above the lowest limit of 

detection. As the sample collection was considered to be punctual, the concentrations of 

HCHO were validated and reported without this field blank correction. Therefore, a total 

of 70 indoor HCHO samples were collected. At corridor (5) and outdoor sampling point 

(6), all the collected samples did not reach a detectable level, which meant that the outdoor 

and corridor HCHO concentrations were very low. Hence, the source of HCHO emissions 

was mainly internal (Sousa et al. 2011). The low HCHO concentration in the corridor was 

due to effective natural ventilation. The windows on the east and west sides of the corridor 
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3.4.1. Plant materials 

3.4.1.1. The selection of plants 

As early as the 1980s, NASA had experimentally demonstrated the ability of C. comosum 

and E. aureum to remove HCHO (Wolverton, Mcdonald, and Watkins 1984). In Table 

2-8, Xu, Wang, and Hou (2011) indicated that C. comosum and E. aureum could both 

remove HCHO from indoor air over a long period of time. This study also identified that 

C. comosum had higher removal efficiency than E. aureum.  

 

According to the initial findings of interview A (Chapter 4), the interviewees claimed that 

C. comosum and E. aureum were common indoor ornamental plants that could reduce 

indoor HCHO concentrations. Some interviewees were worried that some green plants 

were poisonous and could threaten their health. Some interviewees suggested that plants 

would not easily survive in a clinical environment. Therefore, plants that are non-toxic, 

robust, and easy to maintain should be selected.  

 

There were three reasons for choosing C. comosum and E. aureum in the two experiments. 

Firstly, studies had identified the ability of C. comosum and E. aureum to remove HCHO 

based on laboratory environments (Wolverton, Mcdonald, and Watkins 1984; Xu, Wang, 

and Hou 2011). As the exact efficiency of HCHO removal by these two plants was 

unknown, experiment B was conducted to determine their exact removal efficiency in a 

laboratory environment. Secondly, the results of Interview A suggested that C. comosum 

and E. aureum were the best choices to place in clinics. These two species of plants are 

popular, economical and easily accessible in China. Thirdly, C. comosum and E. aureum 
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Figure 3-12 An example of C. comosum used in this study 

 

Figure 3-13 shows the average dimensional diagram of C. comosum: 

 

 
Figure 3-13 The average dimensional diagram of C. comosum 

 

3.4.1.3. Epipremnum aureum 

The common name of E. aureum is Golden Pothos. It can flourish in places where there 

is not much sunlight or only fluorescent lighting. It has high tolerance and can grow even 

in low humidity environments (Iannotti 2020). Figure 3-14 shows the E. aureum used in 

this study. The average leaf coverage radius of each plant is about 25 cm (Figure 3-15). 
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Figure 3-14 An example of E. aureum used in this study 

 

 
Figure 3-15 The average dimensional diagram of E. aureum  
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3.4.2. Experiment A in the clinics 

3.4.2.1. Design of experiment A 

In experiment A, these two different species of plants were placed in three clinics. Figure 

3-16 shows the arrangement of plants in the room: there were no green plants placed in 

Clinic 1 (a); two pots of C. comosum and two pots of E. aureum were placed on the 

windowsill in Clinic 2 (b); two pots of C. comosum and two pots of E. aureum were 

placed at the entrance to Clinic 3 (c); and four pots of C. comosum and four pots of E. 

aureum were scattered throughout Clinic 4 (d). Plants were not placed in Clinic 1 in order 

to contrast with other clinics. Double the number of plants were placed in Clinic 4 to 

explore the effects of plant quantity on indoor HCHO concentration. The difference in 

the placement of plants in Clinic 2 and Clinic 3 was to explore the impact of plant 

placement on the occupants. 

 

 
Figure 3-16 The arrangement of plants in the clinics 
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After the green plants had been placed, the second assessment of IAQ was conducted. 

This means that physical measurements B was used to detect changes in indoor pollutant 

concentrations. After the plants had been placed for a week, questionnaire B, which had 

the same questions as questionnaire A was conducted to collect subjective data from the 

occupants. The results of questionnaire B were used to analyse the impact of plants on 

the occupants. The questionnaire was conducted after placing the plants for a week to 

allow the occupants (especially staff) to adapt to an indoor environment with natural 

elements. 

 

3.4.2.2. Data collection and analysis 

The physical measurements B were conducted from November 18, 2019 to November 23, 

2019 in the four clinics. They still focused on indoor temperature, RH, CO2, and HCHO. 

The indoor temperatures, RH, and CO2 samples were collected from three clinics (Clinic 

1, Clinic 2, and Clinic 3) because the room sizes of these three clinics were exactly the 

same. The number of occupants per day was also basically the same. CO2 is primarily a 

by-product of human metabolism (Chamseddine et al. 2019), and its indoor concentration 

is mainly affected by the number of occupants. The number of occupants in Clinic 4 was 

far greater than the other three Clinics, and the room area was larger than the other three 

rooms. Therefore, Clinic 1, Clinic 2, and Clinic 3 were selected to collect the data to 

identify the impact of plants on indoor temperature, RH and CO2. The first data set was 

recorded at 9 am on Monday and updated every ten minutes thereafter. The last data 

update was at 5 pm on Saturday. Therefore, each clinic recorded 768 temperature, 768 

RH and 768 CO2 data values. For outdoor temperature and RH, the first data was recorded 
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at 8 am on Monday and updated every three hours thereafter from the local weather station. 

The last data update was at 5 pm on Saturday. Therefore, 44 temperature and 44 RH data 

values were recorded. 

 

The source of HCHO emissions is mainly internal (Sousa et al. 2011), and the purpose of 

experiment A was to identify the impact of plants on indoor HCHO concentrations. The 

methods of HCHO samples collection and determination were detailed in physical 

measurement A. The HCHO samples were collected from all four clinics. Sampling was 

performed three times a day during working hours at 9 am, 12 pm, and 3 pm. The time 

taken for a single sampling was 20 minutes. Therefore, a total of 72 indoor HCHO 

samples were collected. 

 

A normality assessment was performed before the data analysis. Firstly in an objective 

manner using a Shapiro-Wilk test, and secondly in a subjective manner by observing the 

histograms and Q-Q plot outputs in SPSS. The indoor temperature, RH, and CO2 levels 

revealed a non-normal distribution (P < 0.05). In previous studies, the HCHO and other 

pollutants were usually considered to be non-normally distributed as well (Zhang et al. 

2020; Mendes et al. 2015). Therefore, the median values and Mann-Whitney U test were 

used to compare the two groups of data before and after the experiment.  

 

Questionnaire B collected onsite hospital staff and visitors survey data from November 

25, 2019 to November 30, 2019. The questionnaire survey was conducted in three clinic 

rooms of the hospital, known as Clinic 2, Clinic 3 and Clinic 4. Due to there being no 

green plants placed in Clinic 1, the questionnaire survey was not conducted again. A total 
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3.4.3.2. The source of HCHO emissions 

Eight decorated wood-based panels of the same batch of a certain brand with the same 

size and structure were selected as the source of HCHO emissions. Six of them were used 

for the experiments and two were used as spares. In order to achieve a relatively high 

level of HCHO emissions, this study selected each panel with a surface area of 1.06 m2. 

Figure 3-18 shows the specific dimensions of the decorated wood-based panel: 

 

 
Figure 3-18 The dimensional diagram of the decorated wood-based panels 

 

Before selecting the panels, the batch was tested by the 1m3 climate chamber method. 

The results of multiple samplings showed that the emissions of HCHO reached a steady 

state in the first three days, and the difference in HCHO emissions between the samples 

was less than 0.006 mg/m3. Before the experiment, the panels were placed in a constant 

temperature and humidity chamber (the temperature was 10°C and the RH was 20%) for 

7 consecutive days for sample equalisation treatment. The constant condition of low 

temperature and low RH was chosen because temperature and RH had an influence on 

the amount of HCHO emission, and the increase of temperature and RH would promote 

the emission of HCHO (Huangfu et al. 2019). 
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Table 3-13 shows the controlled indoor conditions in the ACC during the experiment: 

 

Table 3-13 The controlled indoor conditions in the ACC during the experiment 

Temperature 23 ± 0.5 °C 

RH 50 ± 3 % 

Air speed 0.1 m/s 

 

In order to be close to the required indoor conditions of the clinics, the indoor temperature 

of the ACC was controlled at 23°C and the RH was controlled at 50%. In order to fully 

integrate the released HCHO with the indoor air, the indoor air speed was controlled at 

0.1m/s.  

 

3.4.3.4. Data collection and analysis 

The methods of HCHO samples collection and determination were detailed in physical 

measurement A. Experiment B was conducted from November 25, 2019 to December 05, 

2019. At each stage, the first HCHO concentration test was carried out at 8 am. After that, 

measurements were taken at 12 pm and 5 pm. The experiment lasted for three days and a 

total of nine measurements were taken. Therefore, a total of 27 data values were collected 

in the three stages. The HCHO concentration change trends of the three stages are 

analysed and compared in Chapter 6. 
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4.1. Response rate 

The response rate was used as an important reference for selecting the sampling hospital 

for further research. As mentioned in Section 3.2.2.2 on data collection, a total of 56 

participants participated in the interviews: 10 participants from Hospital A, 28 

participants from Hospital B, and 18 participants from Hospital C. Table 4-1 shows the 

response rates (%) of the three hospitals: 

 

Table 4-1 The response rate (%) of the three hospitals 

Name of figures Pie chart (%) 

Total response rate of the three 

hospitals 

 

The response rate of Hospital A 

 

The response rate of Hospital B 

 

The response rate of Hospital C 
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4.2. Evaluation of IAQ in clinics 

4.2.1. The overall impression of IAQ 

In interview A, the first question was about the IAQ. The participants were asked about 

their overall impression of the current IAQ in clinics and whether they were satisfied with 

it. One doctor refused to discuss any questions related to IAQ. Five visitors expressed no 

opinion about IAQ. The other 50 participants all gave either positive or negative 

comments on IAQ. Figure 4-1 shows the overall impression of IAQ for the participants:  

 

 
Figure 4-1 The overall impression of IAQ for the participants 

 

In the three hospitals, more than 50% of the visitors presented more negative comments 

for IAQ in the clinics, especially in hospital C, where 80% of the visitors claimed to be 
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dissatisfied with the IAQ. The staff showed more satisfaction towards the IAQ-related 

factors than the visitors. In total, 55% of staff were satisfied with the IAQ. However, in 

the previous studies, the results indicated that inpatients had been more satisfied with 

thermal comfort and other indoor conditions compared to hospital staff (De Giuli et al. 

2013; Skoog, Fransson, and Jagemar 2005; Verheyen et al. 2011; Sattayakorn, Ichinose, 

and Sasaki 2017). This argument was contrary to the findings of these questions, so this 

study continued to explore the factors that affected IAQ satisfaction to find the reasons. 

 

4.2.2. The factors that influence IAQ satisfaction 

It was found that there were five factors that affected the levels of satisfaction with IAQ. 

The number of visitors was an important factor. The interviews revealed that a large 

number of visitors significantly reduced IAQ, which was particularly evident in Hospital 

A and Hospital C (Nurse 2, Hospital A; Nurse 6, Hospital C). The indoor RH was also an 

influencing factor. Two interviewees complained that the indoor air was dry (Doctor 2, 

Hospital B; Visitor 4, Hospital C), while one visitor complained that the room was too 

humid (Visitor 5, Hospital B). Therefore, it was necessary to carry out further physical 

measurements to analyse whether the RH levels met the national standards. An irritating 

smell was undoubtedly the most complained-about factor among visitors (Visitor 2, 

Hospital A; Visitor 3, Hospital B; Visitor 4, Hospital C). It seems that the work area was 

not delineated according to the functions of the clinic (Visitor 4, Hospital C). These 

irritating gases might have come from cleaning work, medical equipment, or medical 

activities, etc. In addition, indoor ventilation was also an issue that could not be ignored. 

Due to the privacy of the clinic and the need for indoor heat preservation in winter, its 
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4.3. The placement of indoor plants 

The first question about the placement of indoor plants was whether it should be 

recommended to place green plants in the clinic. Figure 4-2 summarises the results of this 

question. The total number of participants was 56. More than 50% of the respondents 

suggested placing green plants and believed that this could improve IAQ. There were 

seven respondents holding opposing views, which accounted for 13% of the total. Twelve 

interviewees thought that green plants could be placed in the clinic, but they doubted the 

effectiveness of green plants in improving IAQ. Another five participants were unwilling 

to answer. 

 

 
Figure 4-2 Do you recommend placing green plants in the clinics? 

 

Table 4-5 introduces the themes and representative verbatim comments on the answers to 

the indoor plants placing questions. There were some hospital staff who suggested that 

plants may have a positive effect on work efficiency (Doctor 1, Hospital A) and could 

relieve eye fatigue (Doctor 3, Hospital B). The visitors believed that plants could provide 
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Regarding the species of indoor plants, the interviewees suggested that Golden Pothos (E. 

aureum) and Spider Plants (C. comosum) were the best choices for indoor HCHO 

adsorption (Visitor 6, Hospital B; Visitor 3, Hospital C). Furthermore, the interviewees 

suggested that it was appropriate to use one or two kinds of plants in combination, which 

was neither monotonous nor dazzling (Visitor 4, Hospital B; Nurse 2, Hospital B). 

Regarding the number of plants placed, it was generally recommended not to place too 

many green plants, which would make the otherwise not spacious room appear more 

crowded (Doctor 1, Hospital B; Nurse 3, Hospital B). A doctor suggested that four to six 

pots of plants were suitable in clinics (Doctor 2, Hospital B). There were different 

opinions about the placing locations of plants, which would be analysed and verified in 

the subsequent comparative experiments. In addition, one visitor was worried that some 

green plants were poisonous and would threaten their health (Visitor 2, Hospital A). Two 

staff members suggested that plants would not easily survive in a clinical environment 

(Nurse 2, Hospital A; Doctor 3, Hospital B). Therefore, plants should be chosen that are 

non-toxic, robust and easy to maintain in the clinics. 

 

As shown in Table 2-8, a study had identified that C. comosum and E. aureum could 

remove HCHO from indoor air over a long time (Xu, Wang, and Hou 2011). The results 

showed that C. comosum had a higher removal efficiency for HCHO than E. aureum. 

However, no studies had evaluated the exact efficiency of these two plants in removing 

HCHO. Moreover, the actual impact of these two plants on IAQ and occupants in clinics 

had not been determined. Therefore, further experiment needed to be carried out in the 

laboratory and the clinics, respectively. 
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4.4. Survey of willingness to participate in further 

research 

In the last part of the interview, the hospital staff were asked if they would participate in 

further questionnaires and experience a natural indoor environment, which aimed to 

choose the most suitable among the three hospitals for further investigation and research. 

Figure 4-3 below shows the percentage of participants willing to participate in further 

research. In Hospital A, five staff members answered the questions, of which 40% were 

willing to participate in further research, and the other 60% were not. The proportion for 

Hospital C was almost similar to that of Hospital A. In these two hospitals, the reason for 

reluctance to participate was generally because of the busy work schedules and large 

number of visitors. Nevertheless, unlike the survey results of Hospitals A and C, in 

Hospital B, nearly 90% of the respondents expressed interest in participating in further 

research. Combining the results of section 4.1, Hospital B had the highest response rate 

at 70%, which was much higher than the other two hospitals. 
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5.1. Questionnaire A 

5.1.1. General information 

The number of participants: 

 

Figure 5-1 shows the number of staff members and visitors participating in the survey:  

 

 
Figure 5-1 The number of hospital staff and visitors participating in the questionnaire 

survey 

 

A total of 71 responses were collected, including 18 hospital staff members (25%) and 53 

visitors (75%). For the hospital staff participants, Clinic 4 had the largest number of 

participants, followed by Clinic 3. The number of participants in Clinic 1 and Clinic 2 

were the same. The proportion of visitors who participated in the questionnaire survey 

reflected the total number of visitors to the four clinics. Compared with the other three 

clinics, Clinic 4 had the largest number of visitors. The number of people who participated 
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in the survey was 22, accounting for about 42% of the total number of visitors. Clinic 1 

had the least number of visitor participants, accounting for 17%. 

 
Gender: 

 

Figure 5-2 shows the proportion of male and female participants:  

 
Figure 5-2 The proportion of male and female participants: (a) the total of participants; 

(b) the hospital staff participants; (c) the visitor participants 

 

Amongst all the participants, there were 43 women, accounting for 61% of the total, and 

28 men, accounting for 39%. For the staff participants, the vast majority were women, 

with 14 people, accounting for about 78% of the total. There were four male participants, 

accounting for only 22%. Amongst the visitor participants, the ratio of men to women 

was roughly the same. There were 24 males, accounting for 45%, and 29 females, 

accounting for 55%. 
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Age range: 

 

Figure 5-3 shows the age range of the participants:  

 
Figure 5-3 The age range of the participants: (a) hospital staff; (b) visitors 

 

Amongst the hospital staff, more than 90% of the participants were between 20 and 40 

years old, totalling 17 people. For the visitors, most participants were between 20 and 60 

years old. There were 24 people between the ages of 20 and 40, accounting for 45% of 

the total number of visitors, and 26 people were between the ages of 40 and 60, accounting 

for 49%. 
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Length of stay: 

 

Figure 5-4 shows the working years of the staff and staying time of the visitors:  

 

 
Figure 5-4 Length of stay in the hospital: (a) the working years of hospital staff; (b) the 

stay times of visitors 

 

Most staff had been working in the hospital for more than two years. Only two in number 

or 10% of the staff in the hospital had worked for more than one year. About 45% of the 

staff, or 8 in number, had worked in the hospital for more than six years. Another 45% of 

the staff had worked in the hospital for 2 - 4 years. For the visitors, about 10% of the 

participants spent more than two hours in the hospital. Most visitors stayed in the hospital 

for 1- 2 hours, accounting for 43% of the total visitor participants. About 17% of the 

visitors stayed in the hospital for less than 30 minutes. 
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5.1.2. The evaluation of IAQ 

What do you think is the IAQ of the current hospital clinics? 

 

Figure 5-5 introduces the overall satisfaction of occupants with IAQ:  

 

 
Figure 5-5 The overall satisfaction of participants with IAQ 

 

Most of the staff (72%) claimed that the IAQ was satisfactory while only 11% reported 

that it was significantly satisfactory. However, about 28% of the visitors thought that the 

IAQ was slightly unsatisfactory, with 19% unsatisfactory, and 4% very unsatisfactory. 

Moreover, the average satisfaction score for all the participants was 3.92. The average 

satisfaction score for the hospital staff was 4.94 while the average score for the visitors 

was 3.57. The results showed that hospital staff were more satisfied with the current IAQ 

compared to the visitors.  
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What do you think is the ventilation of the hospital clinics? 

 

Figure 5-6 introduces the satisfaction of the participants with indoor ventilation: 

 

 
Figure 5-6 The satisfaction of participants with indoor ventilation 

 

About 50% of the staff were satisfied with the indoor ventilation with 6% finding it very 

satisfactory. There were about 11% of the staff who thought that the indoor ventilation 

was slightly unsatisfactory. However, about 30% of the visitors thought the indoor 

ventilation was slightly unsatisfactory, with 21% unsatisfactory, and 2% very 

unsatisfactory. The average satisfaction score for all the participants was 4.06. The 

average score for staff members was 4.5 and visitors was 3.57, which showed that hospital 

staff were more satisfied with the indoor ventilation compared to the visitors. 
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What do you think is the temperature of the hospital clinics? 

 

Figure 5-7 introduces the responses of the participants to satisfaction with indoor 

temperature:  

 

 
Figure 5-7 The satisfaction of participants with indoor temperature 

 

About 72% of the staff were satisfied with indoor temperature, with 22% slightly 

satisfactory. There were about 42% of visitors who thought that the indoor temperature 

was slightly satisfactory, with 19% satisfactory. There were only 13% of visitors who 

thought that the indoor temperature was slightly unsatisfactory, with 13% unsatisfactory. 

The average satisfaction score for all the participants was 4.25, which showed the indoor 

temperature was between slightly satisfactory and satisfactory. The average score for 

hospital staff satisfaction was 4.83 while the average score for visitors was 4.06, which 

showed that the hospital staff were more satisfied with the indoor temperature compared 

to the visitors. 
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What do you think is the air humidity in the hospital clinics? 

 

Figure 5-8 introduces the responses of the participants to satisfaction with indoor air 

humidity: 

 

 
Figure 5-8 The satisfaction of participants with indoor air humidity 

 

About 44% of staff were satisfied with the indoor air humidity, with 17% slightly 

satisfactory. However, about 28% of staff were slightly unsatisfied with indoor air 

humidity. There were about 45% of visitors who thought the indoor air humidity was 

slightly satisfactory, with 17% satisfactory. Nevertheless, there were about 17% of 

visitors who thought that the indoor air humidity was slightly unsatisfactory, with 13% 

unsatisfactory. The average satisfaction score showed the indoor air humidity was slightly 

satisfactory. The average satisfaction score for all the participants was 4.01. The average 

score for hospital staff was 4.39, while the average score for visitors was 3.89. Hence, the 
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that IAQ had very beneficial influence on work efficiency, 28% thought it had a beneficial 

influence while 28% thought the influence was slightly beneficial. However, there were 

about 28% of staff members who claimed that the IAQ had a slightly adverse effect on 

work efficiency. The average satisfaction score showed the influence of IAQ work 

efficiency was slightly conducive. 

 

5.1.4. Reports of physical symptoms  

More than 50% of staff reported physical symptoms during work. 22% of staff reported 

only one symptom while almost 30% reported more than one symptom. 44% of staff 

claimed no symptoms at work. Figure 5-11 shows the number of reports of physical 

symptoms: 

 

 
Figure 5-11 The number of reports of physical symptoms 
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The reports of physical symptoms included dry skin, dry throat, dry eyes, lethargy, nose 

irritation, and chest tightness. The reporting of dry symptoms were the most common 

(Cheong and Chong 2001). 33% of staff members reported a dry throat, 28% reported dry 

eyes, and 11% reported dry skin. Other physical symptoms occurring during working 

were lethargy (17%), nose irritation (15%), and chest tightness (11%). Figure 5-12 shows 

the reporting rates of physical symptoms during working hours: 

 

 
Figure 5-12 Reporting rates of physical symptoms during working hours 
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5.2. Physical measurement A 

5.2.1. Temperature  

Using whisker plots for the data analysis, it was found that there were abnormal values in 

each set of data. After investigating all the outliers, it was found that the abnormal values 

were closely related to the previous and subsequent data and were not an unexpected 

emergence of erroneous data. In Section 2.2.4, according to the design code of hospitals 

in China, it is recommended that the most suitable indoor temperature range for heating 

in winter is 18 - 24 °C. Figure 5-13 shows the indoor temperature of the four clinics: 

 

 
Figure 5-13 The indoor temperature of the four clinics  

 

The grey shaded part indicates the recommended indoor temperature range. The four 

clinics demonstrated a high standard of compliance from this perspective of physical 

measurement. However, for a certain period, the indoor temperatures of Clinic 1, Clinic 
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2 and Clinic 4 was overheated. The lowest temperature recorded was 15.90 °C in Clinic 

1, which exceeded the recommended minimum acceptable temperature. In this case, 

further analysis of the temperature change trend was required. Figure 5-14 shows the 

temperature change trend in the four clinics: 

 

 
Figure 5-14 The indoor temperature change trend in the four clinics from Monday to 

Saturday 

 

The working time was from 7:30 am to 5 pm in the clinics. From 5 pm to 7:30 am of the 

next morning, the clinics were unoccupied. Indoor temperatures were significantly higher 

during the working period than during the non-working period. The lowest temperature 

was reached at 7:30 am during the working period. The temperature gradually increased 

thereafter, reaching its highest point between 12 pm and 2 pm. The temperature in Clinic 

2 was mostly within standard limits during the working period. The other three clinics 

were above the standard temperature most of the time. The reason for this result should 
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be due to indoor activities and outdoor temperature changes. Figure 5-15 shows the 

outdoor temperature change trend from Monday to Saturday: 

 

 
Figure 5-15 The outdoor temperature change trend from Monday to Saturday 

 

The outdoor temperature data record came from the local weather station. The highest 

temperature (22 °C) was recorded at 2 pm on Tuesday, and the lowest temperature (2 °C) 

was recorded at 2 am on Thursday. The outdoor temperature change trend was basically 

the same as the indoor trend. The temperature peaked between 12 pm and 2 pm in the day, 

then gradually decreased. The temperature began to rise at about 7 am the next morning.  

 

However, there several peaks occurred in Figure 5-14, especially in Clinic 1 and Clinic 

4. In Clinic 4, the peak indoor temperature always occurred at around 8 am, and the peak 

of Clinic 1 always occurred at around 2 pm. By comparing the indoor (Figure 5-14) and 

outdoor (Figure 5-15) temperature trends, it can be seen that the peak indoor temperature 
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5.2.2. RH 

Using whisker plots for the data analysis, it was found that there were abnormal values in 

a set of data in Clinic 4. After investigating all the outliers, it was found that the abnormal 

values were closely related to the previous and subsequent data and were not an 

unexpected emergence of erroneous data. In Section 2.2.4, according to the design code 

for hospitals in China, it is recommended that the suitable indoor RH range in winter is 

30% - 60%. Figure 5-16 shows the indoor RH level of the four clinics:  

 

 
Figure 5-16 The indoor RH level of the four clinics 

 

The grey shaded part indicates the recommended indoor temperature range. The four 

clinics all recorded low RH levels, especially in Clinic 1 and Clinic 3. Hence, further 

analysis of the temperature change trend was required. Figure 5-17 shows the indoor RH 

change trend in the four clinics from Monday to Saturday: 
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Figure 5-17 The RH level change trend in the four clinics from Monday to Saturday 

 

Indoor RH is mainly affected by indoor temperature and outdoor RH (Nguyen, Schwartz, 

and Dockery 2014). Indoor temperature is inversely proportional to RH, as shown in 

Figure 5-17, and the change trend of indoor RH was opposite to that of the indoor 

temperature. The indoor RH level gradually decreased from 7.30 am, reaching its lowest 

point between 12 pm and 3 pm and its highest level at 5 pm. Figure 5-18 shows the 

outdoor RH level change trend from Monday to Saturday: 
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Figure 5-18 The outdoor RH level change trend from Monday to Saturday 

 

The changing trend of outdoor RH was basically the same as that of indoor RH. During 

working hours, the indoor RH was lower than the outdoor, which was caused by the 

higher indoor temperature. According to Wolkoff and Kjærgaard (2007), indoor RH is 

lower than 20% in winter in some Chinese cities with central heating systems. Therefore, 

due to the central heating systems and the use of electric heaters, the four clinics all 

recorded low RH. The lowest level recorded in Clinic 1 was 9.8%. 

 

The low indoor RH would adversely affect indoor thermal comfort satisfaction (Derks et 

al. 2018). In questionnaire A, 20% of participants thought that the indoor air humidity 

was slightly unsatisfactory, with 10% unsatisfactory (Figure 5-8). Furthermore, low RH 

environments lead to health problems among staff, especially dryness symptoms (Cheong 

and Chong 2001). In questionnaire A, 33% of staff members reported a dry throat, 28% 

dry eyes, and 11% dry skin during working hours (Figure 5-12). Therefore, Hashiguchi 
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et al. (2008) suggested that introducing humidifiers into a hospital during winter was an 

effective way to improve low RH environments and relieve the discomfort of the staff. In 

addition, since indoor temperature is also a factor that affects RH (Nguyen, Schwartz, and 

Dockery 2014), and the clinics were overheated during the working period, it is necessary 

to control the indoor temperature within an appropriate range (18 - 24 °C in winter). 

 

5.2.3. CO2  

Using whisker plots for the data analysis, it was found that there were abnormal values in 

each set of data. After investigating all the outliers, it was found that the abnormal values 

were closely related to previous and subsequent data. These outliers were not unexpected 

emergence of erroneous data. According to Section 0, the concentration of CO2 should 

not exceed 1000 ppm in residential and public buildings. Figure 5-19 presents the indoor 

CO2 concentration in the four clinics: 

 
Figure 5-19 The indoor CO2 concentration in the four clinics 
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working period, there were three to four staff working in Clinic 4, while the other three 

clinics generally had two staff. Moreover, the number of visitors to Clinic 4 in a day was 

also far more than that of the other three clinics. CO2 is primarily a by-product of human 

metabolism (Chamseddine et al. 2019), so the CO2 concentration was always higher in 

Clinic 4 during working periods. In addition, due to winter insulation demands, the 

windows were mostly closed. Natural ventilation was the only means of ventilation in 

Clinic 4. Insufficient ventilation also caused the high CO2 concentration. As shown in 

Figure 5-20, during working hours, around 2 pm usually had the lowest value of indoor 

carbon CO2 concentration. This was because the indoor temperature reached its peak 

during this time period, and the staff generally opened the windows for ventilation. 

Therefore, enhancing natural ventilation is still an effective way to reduce indoor CO2 

concentration. As mentioned before, a high concentration of CO2 will increase the 

incidence of health symptoms, such as chest tightness and mucosal irritations, and reduce 

the work efficiency of hospital staff (Satish et al. 2012). Hence, in addition to natural 

ventilation, the installation of mechanical supply and exhaust ventilation systems should 

be considered to effectively reduce the indoor CO2 concentration (Simanic et al. 2019).  
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5.2.4. HCHO  

In order to portray the HCHO concentration in the different clinics, a box plot of the 

HCHO concentration levels in the four clinics is drawn in Figure 5-21: 

 

 
Figure 5-21 The indoor HCHO concentration of the four clinics 

 

In Section 2.2.2, it was generally recommended that the HCHO short-term exposure limit 

should be 0.10 mg/m3 in residential and public buildings (Water Treatment Services 

2021). The concentration of HCHO in the four clinics did not exceed this limit during 

working hours. In Clinic 2, the lowest concentration level was recorded to be 0.001 mg/m3. 

The highest level recorded in Clinic 3 was 0.062 mg/m3. A median value of HCHO 

concentration at 0.028 mg/m3 in Clinic 1 was the lowest. Most of the time, the 

concentration in Clinic 4 was higher than the other three clinics. Clinic 4 is an acupuncture 

clinic. Medical activities (acupuncture) and cleaning activities were more frequent than 

the other three clinics. As previously mentioned, HCHO is widely used in cleaning 
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activities and medical activities as a disinfectant (Sousa et al. 2011). Dascalaki et al. (2008) 

pointed out that frequent use of disinfecting agents would cause increased HCHO levels. 

 

The perception of odour may cause some people to report subjective sensory irritation, 

while individuals may perceive HCHO at concentrations below 0.1 mg/m3 (WHO 2010). 

Due to the wide range of HCHO uses in a hospital environment (Sousa et al. 2011), both 

cleaning and medical activities may cause an increase in the instantaneous concentration 

of HCHO (PHE 2017). Furthermore, the source of HCHO emissions is mainly internal 

(Sousa et al. 2011). Therefore, it was necessary to explore ways to reduce the 

concentration of HCHO. Although the indoor concentrations of the four clinics did not 

exceed the standard, considerable concentrations of HCHO were still detected. Further 

experiments were then carried out in the four clinics to explore whether plants could 

reduce the concentration of HCHO. 
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Chapter 6 -  Experiments in clinics and the 

laboratory 

The experiment design was introduced in Section 3.4. Based on the literature review and 

the initial findings of interview A, two species of indoor green plants were determined: 

C. comosum and E. aureum. The first experiment was in a clinical environment, which 

aimed to identify the impact of indoor plants on IAQ and occupants. The second 

experiment was based in a controlled environment in a laboratory. The experiment aimed 

to identify the removal efficiency of these two kinds of plants as to HCHO concentration.  
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6.1. Experiment A in the clinics 

6.1.1. IAQ parameters evaluation  

6.1.1.1. Temperature  

A preliminary analysis of the three sets of data was performed using a whisker plot. There 

were abnormal values in the records of Clinic 1 and Clinic 3. After investigating all the 

outliers, it was found that the abnormal values were closely related to the previous and 

subsequent data and were not an unexpected emergence of erroneous data. Figure 6-1 

shows the indoor temperature in the three clinics: 

 

 
Figure 6-1 The indoor temperature in the three clinics 

 

Compared to Clinic 1 where no plants were placed, the temperatures in Clinics 2 and 3 

were within the range required by the standard (18 - 24 °C) for most of the time. For 
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approximately 50% of the time, Clinic 1 was at a low indoor temperature. Overheating 

also occurred during certain periods in Clinic 1. In this case, further analysis of the 

temperature change trend was needed. Figure 6-2 shows the temperature change trend in 

the three clinics:  

 

 
Figure 6-2 The indoor temperature change trend in the three clinics from Monday to 

Saturday 

 

During working hours, the indoor temperatures of Clinic 2 and Clinic 3 were kept within 

standard limits. Clinic 1 was always over the standard temperature during working 

periods. A comparison with physical measurement A (as shown in Figure 5-14) found a 

similar change trend. Figure 6-3 shows the outdoor temperature change trend from 

Monday to Saturday: 
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Figure 6-3 The outdoor temperature change trend from Monday to Saturday 

 

The outdoor temperature data record came from the local weather station. The highest 

temperature (17 °C) was recorded at 2 pm on Friday, and the lowest temperature (-3 °C) 

was recorded from 2 am to 5 am on Tuesday. The temperature peaked between 12 pm 

and 2 pm in the day, and then gradually decreased. The temperature began to rise at about 

7 am the next morning. The indoor temperature change trend was basically the same as 

the outdoor trend. 

 

There were several peaks that occurred in Clinic 1 (Figure 6-2). The first peak (32 °C) 

was recorded at 12 pm on Monday, after which the temperature dropped rapidly, and the 

temperature rose rapidly at around 3 pm to reach the second peak (31°C). The reason for 

the overheating of the indoor temperature was that the electric heater was always switched 

on and was not turned off despite the increase in the outdoor temperature. The extreme 
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The indoor RH change trend in the three clinics from Monday to Saturday is shown in 

Figure 6-5. In general, the RH levels of the three clinics showed the same trend of change. 

Compared with Figure 6-2, the change trend of indoor RH was opposite to that of the 

indoor temperature.  

 

 
Figure 6-5 The RH level change trend in the three clinics from Monday to Saturday 

 

Figure 6-6 shows the outdoor RH level change trend from Monday to Saturday. The 

changing trend of outdoor RH was basically the same as that of indoor RH. Due to the 

central heating systems and electric heaters both being used, the three clinics all recorded 

low RH between Monday to Wednesday (Wolkoff and Kjærgaard 2007). The indoor RH 

level gradually increased from Thursday to Saturday, mainly due to the high outdoor RH 

level.  
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Figure 6-6 The outdoor RH level change trend from Monday to Saturday 

 

Brilli et al. (2018) suggested that indoor plants can considerably improve IAQ through 

light-dependent photosynthesis and by increasing indoor RH. Hence, Figure 6-7 

compares the median values of indoor RH levels in the three clinics before and after the 

experiment: 
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Figure 6-7 The median RH level in the three clinics before and after the experiment 

 

The median RH levels in Clinic 1 before and after the experiment were 26.05% and 

29.45%, which was an increase. Using the Mann-Whitney U test, there was a significant 

difference (p < 0.001). However, no plants were placed in Clinic 1. Plants were placed in 

Clinic 2 and Clinic 3, but the median RH levels both decreased. There was a significant 

difference in Clinic 3 (p < 0.001), but the difference was not significant in Clinic 2. Hence, 

indoor RH is mainly affected by indoor temperature and outdoor RH (Nguyen, Schwartz, 

and Dockery 2014), while the plants did not significantly increase the indoor RH levels 

in the actual clinic environment.  
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6.1.1.3. CO2  

Using whisker plots for the data analysis, it was found that there were abnormal values in 

each set of data. After investigating all the outliers, it was found that the abnormal values 

were closely related to the previous and subsequent data and were not an unexpected 

emergence of erroneous data. Figure 6-8 shows the indoor CO2 concentration of the three 

clinics: 

 

 
Figure 6-8 The indoor CO2 concentration of the three clinics 

 

In the three clinics, there were records of CO2 concentrations exceeding the threshold of 

1000 ppm in certain periods. The lowest concentration (417ppm) was recorded in Clinic 

2, and the highest concentration (1330 ppm) was recorded in Clinic 3. Figure 6-9 displays 

the change trend of the indoor CO2 concentration in the three clinics from Monday to 

Saturday: 
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Figure 6-9 The indoor CO2 concentration change trend in the three clinics from Monday 

to Saturday 

 

The change trend of indoor CO2 concentration was roughly the same as the results of 

physical measurement A (Figure 5-20). The indoor concentration was significantly higher 

during working hours than during non-working hours, due to CO2 primarily being a by-

product of human metabolism (Chamseddine et al. 2019). The number of staff and visitors 

were almost same in the three clinics, so there was not much difference between them. 

Furthermore, as shown in Figure 6-8 above, the median indoor CO2 concentrations in the 

three clinics were 504 ppm, 499 ppm, and 545 ppm. Figure 6-10 compares the median 

indoor CO2 concentration in the three clinics before and after the experiment: 
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Figure 6-10 The median CO2 concentration before and after the experiment 

 

The median CO2 concentrations in Clinic 1 before and after the experiment were 505 ppm 

and 504 ppm, which was almost the same. Using the Mann-Whitney U test, there was no 

significant difference. In Clinic 2, the median concentrations before and after the 

experiment were 536 ppm and 499 ppm, which was a decrease. There was a significant 

difference (p<0.001). In Clinic 3, the median concentrations before and after the 

experiment were 525 ppm and 545 ppm, which was an increase. There was a significant 

difference (p<0.001).  

 

The number of plants placed in Clinic 2 and Clinic 3 was the same. In Clinic 2, the median 

level of CO2 was significantly reduced after the plants were placed, but the median level 

in Clinic 3 was increased. The main reason for this phenomenon might be the number of 

occupants. In the two measurements, there was almost no difference in the number of 

visitors to Clinic 2. However, in Clinic 3, the number of visitors increased slightly during 

physical measurement B. As discussed in the results of physical measurement A, due to 
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CO2 primarily being a by-product of human metabolism (Chamseddine et al. 2019), the 

occupants were the main source of indoor CO2. In addition, the reduction in the frequency 

of opening windows for ventilation was also one of the reasons for the increase in CO2 

concentration. As shown in Figure 6-9, although plants were placed in Clinic 2 and Clinic 

3, the CO2 concentration exceeded 1000 ppm during certain periods, and the high 

concentration in a short period of time was caused by an increase in visitors.  

 

6.1.1.4. HCHO  

In order to confirm the HCHO concentrations in the different clinics, box plots were 

drawn of the HCHO concentration levels for the four clinics (Figure 6-11). The 

concentrations of HCHO in the four clinics did not exceed the limit during working hours. 

The lowest concentration level was recorded (0.001 mg/m3). The highest level recorded 

in Clinic 2 was 0.066 mg/m3. The median value of HCHO concentration (0.018 mg/m3) 

in Clinic 3 was the lowest. The concentration in Clinic 4 was higher than the other three 

clinics. As mentioned in Section 5.2.4, the high frequent medical and cleaning activities 

had resulted in higher levels of HCHO than the other three clinics (Dascalaki et al. 2008; 

Sousa et al. 2011) 
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Figure 6-11 The indoor HCHO concentration of the four clinics 

 

Figure 6-12 shows the comparison of HCHO concentration before and after the 

experiment:  

 

 
Figure 6-12 The comparison of HCHO concentration before and after the experiment  

 

Compared with the results of physical measurement A, during physical measurement B, 

the HCHO concentration of clinic 1 (without plants) hardly changed, and the median 
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concentration only dropped by 0.006 mg/m3. In the three clinics where plants were placed, 

the median concentration had dropped significantly. Since eight pots of plants were 

placed in Clinic 4, it showed the greatest decrease in median concentration, which 

decreased by 0.0242 mg/m3. Clinic 2 and Clinic 3 respectively placed four pots of plants 

and decreased by 0.014 mg/m3 and 0.013 mg/m3. Hence, it can be considered that the 

plants had a positive effect on the reduction of indoor HCHO concentration. However, 

the Mann-Whitney U test was used to compare the two groups of data before and after 

the experiment in the four clinics, and the results showed that there was no significant 

difference in all the clinics.  

 

There were several reasons for the difference being statistically insignificant. First of all, 

the actual clinical environments were different from the laboratory environment, and their 

temperature and RH levels were not constant (Liang, Lv, and Yang 2016b). Changes in 

temperature and RH would affect the HCHO concentration (Huangfu et al. 2019). 

Secondly, in a residential environment, the source of HCHO is mainly from decorative 

materials (Huang et al. 2017). In a hospital environment, both cleaning and medical 

activities would affect the concentration of HCHO, causing an instantaneous increase in 

HCHO concentration (Sousa et al. 2011). Thirdly, the frequency of opening and closing 

windows by medical staff also affects the change in indoor HCHO concentration. Finally, 

the background concentration of HCHO was low in the clinics. 
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6.1.2. The findings of questionnaire B 

6.1.2.1. General information 

The number of participants: 

 

The questionnaire survey was conducted in three clinic rooms of the hospital, namely 

Clinic 2, Clinic 3 and Clinic 4. Due to there being no green plants placed in Clinic 1, the 

questionnaire survey was not conducted again. Figure 6-13 shows the number of hospital 

staff and visitors participating in the second questionnaire survey:  

 

 
Figure 6-13 The number of hospital staff and visitors participating in the second 

questionnaire survey 

 

A total of 68 responses were collected, including 15 hospital staff members (22%) and 53 

visitors (78%). The number of visitors participating in the survey was the same as in the 
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first survey. Clinic 4 had the largest number of visitors. The number of people who 

participated in the survey was 24, accounting for about 45% of the total number of visitors. 

There were 14 visitor participants in Clinic 2 and 15 in Clinic 3. 

 

Gender: 

 
Figure 6-14 below shows the proportion of male and female participants:  

 

 
Figure 6-14 The proportion of male and female participants: (a) the total of participants; 

(b) the hospital staff participants; (c) the visitor participants 

 

There were 28 men among all the participants, accounting for 41% of the total. There 

were 40 women, accounting for 59% of the total. Among the hospital staff participants, 

the vast majority were women, with 12 people accounting for 80% of the total. There 

were 3 male participants, accounting for 20%. Among the hospital visitors, the ratio of 

men to women was roughly the same. There were 25 male participants, accounting for 

47%, and 28 female participants, accounting for 53%. The male to female ratio of 

participants (staff and visitors) was almost the same between questionnaire B and 

questionnaire A (Figure 5-2). 
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Age range: 

 

Figure 6-15 shows the age range of the participants:  

 

 
Figure 6-15 The age range of the participants: (a) hospital staff; (b) visitors 

 

Among the hospital staff, all the participants were between 20 and 40 years old. Among 

the visitor participants, there were 25 people aged 20 - 40, accounting for 47%. There 

were 24 people aged 40 - 60, accounting for 45%. The proportions of participants (staff 

and visitors) in the different age ranges were almost the same between questionnaire B 

and questionnaire A (Figure 5-3). 
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Length of stay: 

 

Figure 6-16 below shows the working years of the hospital staff and the stay times of the 

visitors: 

 

 
Figure 6-16 Length of stay in the hospital: (a) the working years of hospital staff; (b) 

stay times of visitors 

 

Most staff members had been working in the hospital for more than two years. Only 13% 

of staff, or two people, had worked in the hospital for more than one year. 33% of staff, 

or five people, had worked in the hospital for more than six years. 47% of staff had 

worked in the hospital for 2 - 4 years. For the visitors, 17% of the participants had spent 

more than two hours in the hospital. 18 visitors stayed in the hospital for 1 - 2 hours, 

accounting for 34%. 17% of visitors stayed in the hospital for less than 30 minutes. The 

proportions of staff participants in the different ranges of working years and visitor 

participants in the different stay ranges were almost the same between questionnaire B 

and questionnaire A (Figure 5-4). 
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6.1.2.2. The evaluation of IAQ 

What do you think is the IAQ of the current hospital clinics? 

 

Figure 6-17 introduces the overall satisfaction of occupants with IAQ:  

 

 
Figure 6-17 The overall satisfaction of participants with IAQ 

 

The majority of staff (67%) claimed that the IAQ was satisfactory, and 27% of staff 

reported that it was significantly satisfactory. Only 11% of visitors thought that the IAQ 

was slightly unsatisfactory, 2% unsatisfactory and 2% very unsatisfactory. The average 

satisfaction score for all the participants was 4.49 (3.92 in questionnaire A). The average 

score for hospital staff satisfaction was 5.2, and the average score for visitors was 4.28. 

Compared with the results of questionnaire A (staff: 4.94, visitors: 3.57), the average 

satisfaction score for hospital staff and visitors had both increased. 
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What do you think is the ventilation of the hospital clinics? 

 

Figure 6-18 introduces the satisfaction of the participants with indoor ventilation:  

 

 
Figure 6-18 The satisfaction of participants with indoor ventilation 

 

53% of staff were satisfied with the indoor ventilation, and 7% found it very satisfactory. 

7% of staff thought the indoor ventilation was slightly unsatisfactory. However, 21% of 

visitors thought the indoor ventilation was slightly unsatisfactory and 6% found it 

unsatisfactory. The average satisfaction score showed the indoor ventilation was slightly 

satisfactory. The average satisfaction score for all the participants was 4.12. The average 

score for hospital staff satisfaction was 4.4, and the average score for visitors was 3.98. 

The average satisfaction score for the participants was similar to the results of 

questionnaire A (4.06). 
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What do you think is the temperature of the hospital clinics? 

 

Figure 6-19 introduces the satisfaction of the participants with indoor temperature: 

 

 
Figure 6-19 The satisfaction of participants with indoor temperature 

 

60% of staff were satisfied with the indoor temperature, and 33% found it slightly 

satisfactory. 42% of visitors thought the indoor temperature was slightly satisfactory, and 

34% found it satisfactory. 21% of visitors thought the indoor temperature was slightly 

unsatisfactory, and 2% found it unsatisfactory. The average satisfaction score showed the 

indoor temperature was between slightly satisfactory and satisfactory. The average 

satisfaction score for all the participants was 4.26. The average score for hospital staff 

satisfaction was 4.73, and the average score for visitors was 4.13. The average satisfaction 

score of the participants was similar to the results of questionnaire A (4.25). 
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What do you think is the air humidity in the hospital clinics? 

 

Figure 6-20 introduces the satisfaction of the participants with indoor air humidity:  

 

 
Figure 6-20 The satisfaction of participants with indoor air humidity 

 

20% of staff were satisfied with the indoor air humidity, 27% found it slightly satisfactory, 

and 27% found it very satisfactory. However, 27% of staff were slightly unsatisfied with 

the indoor air humidity. 40% of visitors thought the indoor temperature was slightly 

satisfactory, and 36% found it satisfactory. Nevertheless, 19% of visitors thought the 

indoor temperature was slightly unsatisfactory, and 4% found it unsatisfactory. The 

average satisfaction score showed the indoor air humidity was slightly satisfactory. The 

average satisfaction score for all the participants was 4.21. The average score for hospital 

staff satisfaction was 4.47, and the average score for visitors was 4.13. The average 

satisfaction score for the participants was similar to the results of questionnaire A (4.01). 
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6.1.2.4. Physical symptoms reported 

40% of staff claimed that no physical symptoms occurred at work. 40% of staff reported 

that one symptom occurred, and almost 21% of staff reported that more than one symptom 

occurred during working times. Figure 6-23 shows the number of reported symptoms: 

 

 
Figure 6-23 Number of physical symptoms reported during working hours 

 

Compared with the results of questionnaire A (Figure 5-11), there was almost no change 

in the proportion of staff who claimed no symptoms occurred at work. The proportion of 

participants reporting three or more symptoms also remained almost unchanged. The 

proportion of participants reporting one symptom increased from 22% to 40%. However, 

the proportion of participants reporting two symptoms dropped from 22% to only 7%. 

Figure 6-24 shows the reporting rates of physical symptoms during working hours:  
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6.2. Experiment B in the laboratory 

6.2.1. Stage one 

In the first phase of experiment B, two panels were placed in the chamber at 7 am on the 

first day. Within the first 20 minutes, the ACC had quickly reached the required constant 

temperature (23 ± 0.5°C) and constant humidity (50 ± 3%) state. The first HCHO 

concentration test was carried out at 8 am. After that, measurements were taken at 12 pm 

and 5 pm. The experiment lasted for three days and a total of nine measurements were 

taken. The lighting in the chamber was turned off at 5 pm. Figure 6-25 shows the trend 

change in the concentration of HCHO released: 

 

 
Figure 6-25 Trend change in the concentration of HCHO released 
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Formaldehyde-based polymeric resins (such as urea-formaldehyde and phenol-

formaldehyde) are usually used in the manufacturing of wood-based panels (Böhm, 

Salem, and Srba 2012). The HCHO in the wood-based panel consisted of two parts (Liang, 

Lv, and Yang 2016b): One was the residual HCHO concentration from the manufacturing 

process, which was considered to be constant. Another part was the yielded HCHO 

concentration from the hydrolysis reactions of the resins, which depends on the humidity 

of the wood-based panel. During the first 10 hours, the part of the material surface that 

was directly exposed to the air began to release HCHO, whilst the indoor HCHO 

concentration increased slowly. However, in the next 15 hours, due to the high RH, the 

reversible hydrolytic degradation of the polymeric resins released extra HCHO 

(Sidheswaran et al. 2013). Hence, between the 10th hour and the 25th hour, the 

concentration of HCHO increased rapidly. In previous studies, measurements from the 

data in the environment chamber had shown that the HCHO emissions of wood-based 

panels would start to decline after reaching a peak in a short period of time (Liang, Lv, 

and Yang 2016b). In this study, the release of HCHO reached a peak at the 25th hour and 

then gradually decreased. The HCHO concentration began to stabilise from the 34th hour 

onwards. The HCHO emissions stabilised between 0.027 - 0.026 mg/m3 until the end of 

the last measurement at the 58th hour. Böhm, Salem, and Srba (2012) indicated that the 

wood-based panels showed a significant decrease after two weeks of measuring. 
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6.2.2. Stage two 

In the second stage, two panels and two pots of C. comosum were simultaneously placed 

in the chamber at 7 am on the first day. The measurements were carried out at the same 

time nodes as in stage one. Compared to stage one without plants, the placed C. comosum 

significantly decreased the concentration of HCHO in the chamber. Figure 6-26 shows 

the comparison of HCHO concentration between stage one and stage two: 

 
Figure 6-26 Comparison of HCHO concentration between stage one and stage two 

 

The indoor concentration did not decrease within the first 5 hours of placing the plants. 

Between the 5th hour and the 10th hour, the indoor HCHO level began to decrease 

compared with stage one, but the effect was not obvious. This may be due to the low 

indoor HCHO concentration. According to Teiri, Pourzamani, and Hajizadeh (2018), the 

removal efficiency of plants increased with an increase in the inlet concentration of 

HCHO. Hence, starting from the 10th hour, the efficiency of plants to remove HCHO 
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significantly improved. From the 29th hour, the efficiency declined. By the 34th hour, the 

efficiency of plants to remove HCHO began to stabilise gradually. Table 6-1 analyses the 

concentration of HCHO removed by plants during each period and at each hour:  

 

Table 6-1 The removal of HCHO concentration (mg/m3) in stage two 

Date Time Hours 
Removal 

concentration 

Removal concentration 

per hour 

Day 

1 

8 am 1 0 0 

12 pm 5 0 0 

5 pm 10 0.001 0.0002 

Day 

2 

8 am 25 0.022 0.001 

12 pm 29 0.015 0.004 

5 pm 34 0.013 0.003 

Day 

3 

8 am 49 0.012 0.0008 

12 pm 53 0.011 0.003 

5 pm 58 0.012 0.003 

 

Due to the very low indoor HCHO concentration (0.015mg/m3), the HCHO removal 

efficiency was zero in the first 5 hours (Orwell et al. 2006). Between the 5th and 10th hours, 

the plants started to work, and the HCHO removal rate was 0.0002 mg/m3 per hour. 

Starting from the 29th hour, the HCHO removal efficiency had gradually stabilised, and 

the removal rate range was between 0.003 to 0.004 mg/m3 per hour in the daytime. The 

indoor light was turned off at 5 pm and turned on at 8 am the next day. The removal rate 

range was between 0.0008 to 0.001 mg/m3 per hour during the night. The ability of plants 

to remove HCHO during the day was higher than at night (Xu, Wang, and Hou 2011). 
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6.2.3. Stage three 

In the third stage, two panels and two pots of E. aureum were placed in the chamber at 7 

am on the first day. The measurements were carried out at the same time nodes as in stage 

one. Compared with stage one without plants, the placed E. aureum also significantly 

decreased the concentration of HCHO in the chamber. Figure 6-27 shows the comparison 

of HCHO concentration between stage one and stage three: 

 

 
Figure 6-27 Comparison of HCHO concentration between stage one and stage three 

 

The indoor concentration did not decrease within the first 10 hours of placing the plants. 

This phenomenon was consistent with the results of the second stage. It was also caused 

by the low indoor HCHO concentration. Between the 10th and the 25th hours, the indoor 

HCHO concentration began to decrease significantly compared with stage one, which 

indicates that the plants had effectively removed indoor HCHO. The change trend of 
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HCHO concentration in the third stage was similar to that of the second stage. The 

removal efficiency of HCHO needed further detailed analysis. Table 6-2 analyses the 

concentration of HCHO removed by plants in each time period and at each hour: 

 

Table 6-2 The removal of HCHO concentration (mg/m3) in stage three 

Date Time Hours 
Removal of 

concentration 

Removal of 

concentration per hour 

Day 1 

8 am 1 0 0 

12 pm 5 0 0 

5 pm 10 0 0 

Day 2 

8 am 25 0.01 0.0007 

12 pm 29 0.01 0.003 

5 pm 34 0.005 0.001 

Day 3 

8 am 49 0.016 0.001 

12 pm 53 0.012 0.003 

5 pm 58 0.01 0.002 

 

Similarly, the removal efficiency of HCHO was zero in the first ten hours, due to the very 

low indoor HCHO concentration. Between the 10th and the 25th hours, the plants started 

to work, and the HCHO removal rate was 0.0007 mg/m3 per hour. The removal rate range 

was between 0.001 to 0.003 mg/m3 per hour in the daytime. The removal rate range was 

between 0.0007 to 0.001 mg/m3 per hour in the night. Similar to the results of the second 

stage, the light environment removal efficiency was higher than the dark environment 

(Teiri, Pourzamani, and Hajizadeh 2018). In addition, the same result as the previous 

study was observed in this experiment, in that the HCHO removal efficiency of C. 

comosum was higher than E. aureum (Xu, Wang, and Hou 2011), especially in the 

daytime.   
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7.1. The findings from interview B 

7.1.1. The number of participants 

The interviews were conducted in the three clinics where the plants were placed: Clinic 

2, Clinic 3, and Clinic 4. A total of 33 responses were collected, including 12 hospital 

staff (36%) and 21 visitors (64%). There were 15 participants in Clinic 4, 9 participants 

in Clinic 2, and 9 participants in Clinic 3. Figure 7-1 shows the number of hospital staff 

and visitors participating in the interview: 

 

 
Figure 7-1 The number of hospital staff and visitors participating in interview B 
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above, to conduct a comprehensive discussion in conjunction with the questionnaire 

surveys, the physical measurements, and the experimental results. 

 

  



 

 225 

7.2. Comprehensive discussion of the research 

findings 

7.2.1. The placement of plants in clinics 

In interview A, the interviewees held two different views on the placement of plants. 

Some interviewees suggested that indoor plants should be placed on the windowsills. The 

reason was that the position was more visible, and visitors would be able to see the plants 

as soon as they opened the door. Other interviewees suggested that the indoor plants 

should be placed at the entrance. The reason was that the plants would be less visible, so 

the room would not appear crowded. In interview B, through a comparison between Clinic 

2 (on the windowsill) and Clinic 3 (at the entrance), the green plants were more 

conspicuous in Clinic 2. A hospital staff in Clinic 2 pointed that the visitors felt happier 

when they entered the door and saw green plants (Doctor 1, Clinic 2). In Clinic 3, however, 

the green plants were easily overlooked for visitors (Visitor 1, Clinic 3). De Giuli et al. 

(2013) indicated visitors had a shorter stay in hospitals, and they were more concerned 

about their health than indoor conditions. A member of the hospital staff in Clinic 3 

suggested that it would be better to place the plants in a more prominent location (Doctor 

2, Clinic 3). Dijkstra, Pieterse, and Pruyn (2008) pointed out that plants can increase the 

attractiveness of a ward, thereby reducing pressure on the patients. Therefore, placing 

plants more conspicuously would help increase their positive impact on the occupants. 
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perceived IAQ had not improved due to placing the plants. Considering indoor heating 

and outdoor air pollution in winter, it is recommended that mechanical supply and exhaust 

ventilation systems be installed in clinics (Simanic et al. 2019). 

 

For indoor HCHO concentration, the median concentration dropped in the three clinics 

after the plants were placed. However, comparison between the two measurements 

showed a statistically insignificant difference. In the laboratory experiment, it was 

determined that C. comosum and E. aureum could effectively remove indoor HCHO, and 

that C. comosum was more effective than E. aureum (Xu, Wang, and Hou 2011). The 

following factors are considered as reasons for the differences not being significant: (1). 

The change range of temperature and RH levels were wide in the actual clinical 

environment (Liang, Lv, and Yang 2016b), which affected the indoor HCHO 

concentration (Huangfu et al. 2019); (2). The cleaning and medical activities caused an 

instantaneous increase in the HCHO concentration (Sousa et al. 2011); (3). The frequency 

of medical staff opening windows had affected the HCHO concentration; (4). The 

background concentration of HCHO was low in the clinics. 

 

Based on the above analysis, it can be concluded that plants can improve the IAQ in the 

clinics in a natural and sustainable way (Brilli et al. 2018), such as reducing indoor CO2 

and HCHO concentrations. However, the influence of plants on indoor RH is almost 

negligible. It is also worth noting that the removal efficiency of plants is slow and 

continuous. Because of the complex influencing factors in an actual clinic environment, 

the difference is not statistically significant. In addition, one participant in interview B 

suggested that using an air purifier would be more effective in improving IAQ than 
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placing green plants (Visitor 3, Clinic 4). In the next section, the different IAQ 

improvement methods are compared. 
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7.3. A comparation of IAQ improvement methods 

Based on the comprehensive analysis of the above two sections, it was determined that 

plants could continuously improve IAQ in clinics and had a positive impact on the mental 

and physical health of occupants. However, in interview B, there was some controversy 

about the influence of plants on IAQ in that an interviewee stated that using air 

purification technology would be more effective than plants (Visitor 3, Clinic 4). Hence, 

this section introduces some common fan-driven air cleaning technologies and analyses 

their advantages and disadvantages in detail. Table 7-2 summarises the advantages and 

disadvantages of different IAQ improvement methods: 



https://www.sciencedirect.com/topics/earth-and-planetary-sciences/mineralization
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purification technologies. Furthermore, some technologies require high energy 

consumption such as Plasma (Van Durme et al. 2007), and UVGI (Zhang et al. 2011). 

Sorption air cleaning techniques also need adsorption materials to be replaced (Jareteg et 

al. 2021) and their filters to be cleaned over time, otherwise they may become sources of 

particulate pollutants (Zhang et al. 2011). However, there is currently no definite standard 

for how often it is necessary to replace the adsorbent materials and clean the filters. In 

contrast, plants have low maintenance costs and do not require energy consumption. 

Hence, plants are a natural and sustainable way to improve IAQ (Brilli et al. 2018). 
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to provide visitors with a more relaxed environment for medical treatment and a more 

comfortable working environment for staff. In addition, due to the complex 

environments of hospitals and the high requirements for IAQ, it will be necessary to 

monitor indoor temperature, RH, CO2, and HCHO in real time to provide a healthier 

indoor environment. 
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Appendix A - Informed Consent Form 
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Appendix B - Participant Information Sheet  

 

 

Participant Information Sheet 

PARTICIPANT INFORMATION SHEET 
 

Project tittle: Natural and sustainable approaches to improve indoor  air  quality in 
hospital�¶s clinics in China 
 

 

You are being invited to take part in research on natural and sustainable approaches to improve indoor air 
quality in hospital�¶s clinics in China. Hao Mu, PhD student at Coventry University is leading this research. 
Before you decide to take part, it is important you understand why the research is being conducted and what 
it will involve. Please take time to read the following information carefully. 
 

What is the purpose of the study? 
 
The aim of this study is to investigate and identify the relations and interactions between indoor green plants, 
human�¶s behaviour, and IAQ in clinics, and based on experimental validation to explore the suggestion 
guideline of IAQ and improve the control and management methods in hospital�¶s clinics in China. 
 
In order to achieve the aim of this research successfully, it needs to complete the following five objectives:   
 

1) Investigating and identifying the existing circumstances of air quality, occupant�¶s satisfactions, and 
the requirement of IAQ criteria in hospitals in China; 

2) Assessing the practical ability of indoor green plants to improve IAQ; 
3) Analysing relations and interactions between indoor green plants, human�¶s behaviour, and IAQ; 
4) Through experimental validation in clinics to explore a suggestion guideline for improving IAQ in 

hospitals; and 
5) Developing a design framework to improve the control and management methods of IAQ.  

 
 

Why have I  been chosen to take par t? 
 
You are invited to participate in this study because you have a certain understanding of the current situation 
of hospital indoor environmental quality and have environmental awareness. 
 
What are the benefits of taking par t? 
 
By sharing your experiences with us, you will be helping Hao Mu and Coventry University to better 
understand the indoor air quality in hospitals. 
 
Are there any r isks associated with taking par t? 
 
This study has been reviewed and approved through Coventry University�¶s formal research ethics procedure. 
There are no significant risks associated with participation.  
 
Do I  have to take par t? 
 
No �± it is entirely up to you. If you do decide to take part, please keep this Information Sheet and complete 
the Informed Consent Form to show that you understand your rights in relation to the research, and that you 
are happy to participate. Please note down your participant number (which is on the Consent Form) and 
provide this to the lead researcher if you seek to withdraw from the study at a later date. You are free to 
withdraw your information from the project data set at any time until the data are destroyed on 01/08/2020.  
You should note that your data may be used in the production of formal research outputs (e.g. journal 
articles, conference papers, theses and reports) prior to this date and so you are advised to contact the 
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Participant Information Sheet 

university at the earliest opportunity should you wish to withdraw from the study.   To withdraw, please 
contact the lead researcher (contact details are provided below).  Please also contact the Research Support 
Office, email researchproservices.fbl@coventry.ac.uk; telephone +44(0)2477658461 so that your request 
can be dealt with promptly in the event of the lead researcher�¶s absence.  You do not need to give a reason. 
A decision to withdraw, or not to take part, will not affect you in any way. 
 
What will happen if I  decide to take par t? 
 
You will be asked a number of questions regarding the indoor air quality in hospital's clinics in China. The 
interview will take place in a safe environment at a time that is convenient to you. 
 
Data Protection and Confidentiality 
Your data will be processed in accordance with the General Data Protection Regulation 2016 (GDPR) and 
the Data Protection Act 2018.  All information collected about you will be kept strictly confidential. Unless 
they are fully anonymised in our records, your data will be referred to by a unique participant number rather 
than by name. All electronic data will be stored on a password-protected computer file in Coventry 
university OneDrive. Your consent information will be kept separately from your responses in order to 
minimise risk in the event of a data breach. The lead researcher will take responsibility for data destruction 
and all collected data will be destroyed on or before 01/08/2020. 
 
Data Protection Rights 
Coventry University is a Data Controller for the information you provide.  You have the right to access 
information held about you. Your right of access can be exercised in accordance with the General Data 
Protection Regulation and the Data Protection Act 2018. You also have other rights including rights of 
correction, erasure, objection, and data portability.  For more details, including the right to lodge a complaint 
with the Information Commissioner�¶s Office, please visit www.ico.org.uk.  Questions, comments and 
requests about your personal data can also be sent to the University Data Protection Officer - 
enquiry.ipu@coventry.ac.uk 
    
What will happen with the results of this study? 
The results of this study may be summarised in published articles, reports and presentations.   Quotes or key 
findings will always be made anonymous in any formal outputs unless we have your prior and explicit 
written permission to attribute them to you by name. 
 
 

Making a Complaint 
If you are unhappy with any aspect of this research, please first contact the lead researcher, Hao Mu, 
muh@uni.covnetry.ac.uk. If you still have concerns and wish to make a formal complaint, please write to 
aa6328@coventry.ac.uk. 
 

Hao Mu 
PhD Research Student  
Coventry University  
Coventry CV1 5FB  
Email: muh@uni.covnetry.ac.uk 
 

In your letter please provide information about the research project, specify the name of the researcher and 
detail the nature of your complaint. 
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Appendix C - Questionnaire 
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