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Abstract 

In this study, it is estimated that in Portugal, patients and healthcare professionals use approximately 8 

million disposable hospital gowns (DHG) annually, i.e. around 688t of nonwoven material, mainly made 

of polypropylene (PP), of which around 70% are non-surgical. After its use, these are eliminated as 

hospital waste (HW) belonging to Group II or III. By taking into account the waste management hierarchy 

and circular economy, a research was conducted regarding valorization techniques more suited to 

nonwovens. Information was collected in public and private hospitals in order to predict the consumption 

of DHG at a national level and a preliminary techno-economic and environmental sustainability analysis 

of several HW management options was made. Solutions such as reduction of waste produced, 

substitution by reusable gowns with a lower environmental impact, valorization processes such as 

mechanical and chemical recycling and energy recovery processes were considered. The energy 

content of DHG was determined in laboratory. 

The most feasible options, also implemented in other locations are: (1) substitution by reusable gowns 

with a lifetime of around 2 years, with an approximate cost of 0,55 €/use, similar to the cost of a 

disposable gown, and with lower environmental impacts; (2) mechanical recycling, which can also 

include nonwovens from other medical protection equipments, promoting the reuse of PP and 

contributing to a circular economy of the material, with a market value of around 250€/t, in the case of 

PP in blocks and an amortization period estimated from 1 to 4 years. 

 

Key words: Hospital Gowns; Hospital Waste; Nonwovens; Polypropylene; Waste Management; Waste 

Recovery 

 

1. Introduction 

Hospital gowns have several applications in a healthcare environment. They can be used to reduce the 

risk of infection for healthcare professionals, patient-to-patient transmission, during invasive procedures 

in order to maintain a sterile environment and in certain medical exams (Rutala e Weber, 2001). 

Disposable hospital gowns (DHG) are commonly made of nonwoven polypropylene (PP) materials. 

Nonwovens are not woven or knitted and its fibers are bonded together by chemical, mechanical or 

thermal processes. The manufacturing of nonwoven products is characterized by three distinct steps: 

web forming, web bonding, and finishing treatment. In this type of apparel, the most common processes 

of web forming are spunbond and meltblown processes. These two technologies are usually used 

together to form several spunbond-meltblown layers. For instance, the SMS conformation (spunbond-

meltblown-spunbond) is used frequently. The spunbond layer provides abrasion resistance and 
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durability while the meltblown layer functions as a protective layer against fluids. In the bonding process, 

there is an increase of fiber cohesion in order to obtain certain desired properties, and the 

hydroentaglement method is commonly used for this type of garment. Lastly, the finishing treatment 

gives additional properties such as water resistance or flame retardancy as well as aesthetic 

characteristics such as color, comfort or texture (Mao & Russell, 2015; Abreu et al., 2006). 

In Portugal, the number of DHG used annually was estimated to be 688t, based on the number of beds 

per hospital, including gowns used by external patients. After its use, these are disposed and are 

considered a type of medical or hospital waste (HW). HW can be divided in four groups: Group I and II 

are classified as non-hazardous HW, and are equivalent to urban waste. Groups III and IV are 

considered hazardous wastes and have to be incinerated or, alternatively, Group III can undertake a 

decontamination treatment such as autoclaving, micro-wave or chemical disinfection before disposal. 

Since DHG may or may not be contaminated, according to the service in which they are used, they can 

be classified as group II if there are no contamination or group III, if they are contaminated or there are 

suspicions of contamination (Santiago, 2014). 

Since there are no dedicated valorization techniques in Portugal for DHG, besides being is essential to 

find new alternatives of waste reduction and recovery that could provide environmental and economic 

benefits and promote a circular economy of PP. The Directive 2008/98/EC of the European Parliament 

and of the Council of 19 November 2008 establishes the waste hierarchy, in which a priority order in 

waste prevention and management is imposed. By order of priority, there is prevention, preparing for 

re-use, recycling, other recovery and disposal. All of these alternatives were studied, and for each one 

an economic and environmental analysis was conducted. 

Some studies were found regarding some of the alternatives investigated. The comparison of disposable 

and reusable gowns regarding environmental impacts, economical costs, comfort and performance is 

well documented (Schmidt, 2000; Rutala & Weber, 2001; Zins, 2006; Overcash, 2012). Unlike a 

disposable gown that is used only once, a reusable gown can be used several times. After each use, 

the reusable gown is sent to a laundry facility, where it’s washed and dried and transported back to the 

hospital where it can be used again.  Regarding environmental impacts, indicators such as the lifetime 

of a gown (i.e. the number of washing cycles before the gown is rejected), quantity and type of detergent, 

washing process, the number of times that a gown has to be rewashed, distance to the costumer and 

the disposable method must be considered. The type of material used to produce the gown can also 

have an effect on its environmental impact. For instance, if a gown has cotton in its composition, it will 

have a higher water consumption since the water required in the process of growing cotton increases 

its water consumption (Schmidt, 2000).  

Regarding mechanical recycling, some hospitals and companies have found solutions to recycle 

nonwoven materials. However, there is a lack of studies focusing in this process, its efficiency, economic 

costs, and environmental benefits. Therefore, two companies that have different recycling methods were 

studied. The first one, Starlinger, uses a conventional nonwoven recycling technology, where the 

material is shredded, extruded and pelletized. Since the amount of nonwoven is usually not enough to 

have a company entirely dedicated to conventional nonwoven recycling, in order for this process to be 
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more effective, the material is usually sent back to production facilities that already recycle their 

production scrap1. Other option for nonwoven recycling is given by the British company Thermal 

Compaction Group in which the material is introduced in an equipment similar to a large oven and 

subject to high temperatures. Once melted, the material is introduced into a mold cavity, creating PP 

blocks with 12 to 20 kg. The operation process is simple, doesn’t produce gases, allows a volume 

reduction up to 85% and the final product is easy to transport due to its shape2. Both processes occur 

at high temperatures, hence the material is sterilized, therefore contaminated materials can be used in 

these processes.  

Other options of waste recovery were accessed, although were found not feasible to implement. For 

chemical recycling, plastics are converted by processes such as pyrolysis and gasification, and the 

products created can be used as feedstock for certain industrial processes or as fuel3. A refuse derived 

fuel (RDF) can be obtained from several waste fractions, has an important role of reducing the amount 

of waste that is sent to landfill, is an alternative to fossil fuels and has a high calorific content due to the 

removal of fractions with high moisture (Gendebien et al, 2003). Incineration and landfill disposal both 

belong at the bottom of the waste hierarchy. Yet, incineration is more desirable than waste disposal in 

a landfill, since it reduces the volume of waste and energy can be produced from its combustion.  

 

2. Methods 

Several public and private hospitals were contacted, namely CUF Torres Vedras, Hospital da Luz, CUF 

Descobertas, Centro Hospitalar do Oeste and Hospital Professor Doutor Fernando Fonseca, mainly 

located in the district of Lisbon, in order to collect information regarding HW management inside the 

hospitals, the amount of HW and DHG used annually, which waste management companies collect and 

manage the waste produced, in which services are DHG used and its acquisition cost. Centro Hospitalar 

Lisboa Norte, located in Lisbon, and Centro Hospitalar do Porto, located in Porto were also contacted 

in order to have a larger data sample regarding DHG consumption. 

A bibliographic research was conducted in order to explore several solutions that could suit the problem 

in study. Scientific publications, reports, national and european legislation as well as some case studies 

were analyzed in order to find the most economically and environmentally feasible solutions. 

A laboratorial analysis was also conducted in order to analyze the calorific and ash content of some 

DHG acquired in some hospitals in order to determine the feasibility of energy recovery alternatives. 

 

Calorific content 

The calorific content of four disposable gowns by bomb calorimetry was determined in laboratory in 

order to determine the viability of energy recovery alternatives. The gowns were weighted, pre-cut, 

                                                      
1 http://www.starlinger.com/en/recycling/recostar-product-line/recostar-universal/ 
2 http://thermalcompactiongroup.com/sterimelt-overview.html 
3 http://www.gasification-syngas.org/applications/gasification-vs.-pyrolysis/ 
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frozen in liquid nitrogen and shredded down in a Retsch SM 200 cutting mill to 10, 4 and 1 mm. In order 

to remove its humidity, the porcelain crucibles with the samples were placed in a drying oven at 105ºC 

and weighted in 1 hour intervals until its mass was stabilized. Afterwards, the resulting material was 

manually compacted into pellets, introduced in a metallic crucible into a bomb calorimeter (LECO 

AC600). The bomb was closed, pressurized with O2 at 30atm and the High Heating Value (HHV) 

quantified. If there was material present after the calorimetry test, it was weighted afterwards. 

 

Ash content 

In order to determine the inorganic components present in the gowns studied, its ash content was 

determined. After drying the samples, porcelain plates were dried in a Nabertherm L3/S27 muffle at 

550ºC for 60 minutes, and cooled in a metal plaque for a few minutes. The plates were transferred to a 

desiccator until they reach room temperature. The plates with the sample were weighted and placed in 

the muffle, with a standard heating ramp.The plates were removed and cooled in a metallic support for 

a few minutes and transferred again to a desiccator until room temperature was reached. The plates 

and the ashes were weighted and placed again into the desiccator and into the muffle at 550ºC for 30 

minutes until a constant mass was reached. The ash content in a dry base (d.b.) can be determined by 

the following equation: 

𝐴𝑠ℎ (% 𝑑. 𝑏. ) =  (
𝑚𝑝𝑙𝑎𝑡𝑒+𝑎𝑠ℎ𝑒𝑠 − 𝑚𝑝𝑙𝑎𝑡𝑒

𝑚𝑝𝑙𝑎𝑡𝑒+𝑠𝑎𝑚𝑝𝑙𝑒 − 𝑚𝑝𝑙𝑎𝑡𝑒

) × 100 ×
100

100 − 𝐻 (% 𝑤. 𝑏. )
 

 

In which 𝑚𝑝𝑙𝑎𝑡𝑒+𝑎𝑠ℎ𝑒𝑠 is the mass of the plate and the ashes in g, 𝑚𝑝𝑙𝑎𝑡𝑒 the mass of the empty plate, in 

g, 𝑚𝑝𝑙𝑎𝑡𝑒+𝑠𝑎𝑚𝑝𝑙𝑒 is the mass of the plate with the sample, in g, and 𝐻 (% 𝑤. 𝑏. ) the humidity in a wet 

basis, expressed in %m/m. 

 

 

3. Results and Discussion 

3.1 Main characteristics of disposable hospital gowns  

The HHV of each sample was determined, and a residual mass remained in the metallic crucible after 

combustion of gowns 1 and 2. An ash content analysis was conducted for the four samples, in which 

gown 1 and 2 were found to have values superior to 30% and gowns 3 and 4 almost zero (Table 3). In 

order to reduce the amount of residual mass after combustion, two new laboratorial tests were 

conducted for gown 1 and 2, where the pellet’s mass was decreased to 0.25g in order to assure that the 

samples were completely burned. A similar test was also conducted where a filter paper of cellulose 

acetate was placed around each pellet so that its homogeneity was assured. A better combustion 

efficiency for gowns 1 and 2 was observed for the first test (Table 3). Conversely, an improvement was 

not recorded for the pellets wrapped in cellulose acetate. 

(2) 
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Table 1 - Description and characterization of the analyzed disposable gowns regarding its mass, ash content and 

HHV with and without ashes. 

Sample Description 
Mass 
(g/gown) 

Ashes 
(% d.b.) 

HHV 
(MJ/kg) 

HHV 
without 
ashes 
(MJ/kg) 

Gown 1 Dark blue gown, with white sewing thread 
and small elastic on the sleeves 

73 33.6 29.71 45.7 

Gown 2 Dark blue gown, with a knitted elastic 
wrist and blue sewing thread 

97 39.2 35.81 50.5 

Gown 3 
Bluish green apparel; pants and short-
sleeved sweater without elastic and 
green sewing thread 

88 1.1 45.32 45.8 

Gown 4 
Light blue gown with a white knitted 
elastic wrist and white sewing thread 

104 0.4 44.62 44.8 

d.b. – dry basis; HHV – High heating value 

1Pellet mass ≈ 0.25g; 2pellet mass ≈ 1g 

  

Gowns 1 and 2 have a lower HHV due to its high ash content. Therefore, according to the type of gown, 

its residual fraction may or may not be significant. Considering only the burned fraction, it is possible to 

observe that the HHV of all samples are similar (45 to 50MJ/kg), therefore the nonwoven present in the 

gowns has a high energy content, as it was expected, since it’s mainly made of PP. The average mass 

of the gowns analyzed is 86±10g. Gown 4 was not used in these calculations since it was stated by the 

hospital that it is used less frequently than the others 

 

3.2 Data collected in hospitals 

The main data collected in the hospital units contacted regarding the consumption of DHG in 2015 is 

presented in Table 2. 

Table 2 – Number of disposable gowns used in 2015, at the hospitals contacted. 

Hospital units 
Disposable Gowns Reusable 

Gowns Surgical Non-surgical Total 

CUF Torres Vedras 2 483 7 720 10 183 n.a. 

CUF Descobertas 7 000* n.a. n.a. - 

Hospital da Luz 0 n.a. n.a. 70 000** 

Centro Hospitalar do Oeste 18 834 32 974 51 808 - 

HPDFF n.a. n.a. 260 000 - 

CHLN 110 974 275 490 386 464 - 

Centro Hospitalar do Porto*** 47 279 93 620 140 899 - 

HPDFF – Hospital Prof. Doutor Fernando Fonseca; CHLN – Centro Hospitalar Lisboa Norte 

* Only sterilized surgical gowns; ** 250 to 300 reusable gowns used daily; ***values of 2016 

n.a. – not available 

Taking into account the hospitals that have data for both surgical and non-surgical disposable gowns, it 

was possible to conclude that 65 to 75% of the gowns used are non-surgical, which means that most 
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DHG are not contaminated. Furthermore, Hospital da Luz uses mainly reusable gowns and at CUF 

Torres Vedras, professionals use reusable gowns in the operating theatre, proving that the replacement 

of disposable by reusable gowns is possible. 

 

3.3 Estimation of the amount of DHG used annually 

Since it was not possible to obtain the number of DHG consumed annually in Portugal, an estimate was 

made taking into account the information collected in the hospitals previously mentioned regarding DHG 

consumption. Its number was extrapolated through the number of beds in each hospital, concluding that 

around 8 million DHG are used per year, i.e. 688t, considering an average gown weight of 86g4. 

 

3.4 Analysis and discussion of the solutions investigated 

Although several waste reduction and recovery solutions were found, only two were considered feasible 

in Portugal nowadays, namely the substitution of disposable by reusable gowns and mechanical 

recycling. Although chemical recycling could process contaminated materials since these are subject to 

high temperatures eliminating microorganisms, this technology is not yet developed at a larger scale. 

Similarly, although the addition of 10% of nonwovens with 40 MJ/kg into a RDF with 13 MJ/kg, would 

improve almost 21% of the its energetic content, the amount of nonwovens is not enough to make this 

process relevant. Therefore, only the substitution of disposable by reusable gowns and mechanical 

recycling are analyzed in more detail. 

 

3.4.1 Substitution of disposable by reusable gowns 

Regarding environmental impacts, Schmidt (2000) analyzes 3 reusable gowns (50/50% 

cotton/polyester; 100% polyester; laminate of polyester and polyurethane) and 2 disposable gowns 

(pulp/polyester with fluorocarbon finish; laminate of pulp/polyester and polyethylene). Regarding its 

energy consumption, every reusable gown analyzed perform better than disposables, having an energy 

consumption ranging from 6 to 23 MJ/Gown, according to the type of gown analyzed. It was stated that 

washing, drying, sterilization and packaging materials are the most demanding activities for reusable 

gowns. For disposables, production materials such as pulp-based viscose are the activities that mainly 

contribute for its energy consumption.  

More recently, Berghe and Zimmer (2011) also perform a life cycle assessment for a nonwoven PP 

single-use disposable surgical gown and a polyethylene terephthalate (PET) reusable gown and analyze 

environmental and human health impacts, showing similar results with the Schmidt (2000) study in 

regards of its environmental impacts. Disposable gowns have a higher impact in all the human health 

categories analyzed as well as most of the environmental  indicators studied, namely acidification, 

                                                      
4 Average weight of the gowns analyzed in chapter 3.1.  
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eutrophication, global warming and photochemical oxidation, mostly resulting from its manufature, 

transport and elimination. Reusable gowns have higher impacts in its washing process, therefore having 

higher values in categories such as ecotoxicity and ozone depletion. 

Regarding economic costs, a disposable gown has an approximate cost of 0,55 € (source: data collected 

in the hospitals contacted). While evaluating the cost of a reusable gown per use, one must take into 

account the acquisition cost (A), laundering costs (L) and number of washing cycles (n) (Zins, 2006): 

𝐶 =  
𝐴

𝑛
+ 𝐿 

Assuming that a reusable gown can last between 290 to 340 washing cycles (according to Hospital da 

Luz), a laundry cost of 0.50 € per piece and an acquisition cost of 15 €,  the cost per use of a reusable 

gown varies between 0.54 and 0.552 €, which indicates that reusable and disposable gowns have similar 

unitary costs, also verified by the literature (Rutala & Weber, 2001; Overcash, 2012). Nevertheless, the 

unit cost of a reusable gown depends greatly on laundry costs. Conversely, the acquisition cost is not 

so important since it is diluted by severall gown uses. Hence, choosing a disposable gown instead of a 

reusable may or may not have economical advantages, according to the prices given by the laundries 

and gowns producers. Environmentaly, if the single-use alternative is disposed in a lanfill or incinerated, 

a reusable gown will have greater benefits. However,  there are currently no studies if that would be the 

case if disposables were to suffer other valorization processes such as recycling. Therefore, further 

alternatives were analyzed. 

 

3.4.2 Mechanical recycling 

Two different recycling processes were studied: the conventional process, with the example of the 

company Starlinger and a thermal compacting process, created by Thermal Compaction Group. 

For the equipment produced by Starlinger, the energy consumption of the process can vary between 

0.2 and 0.35 KWh/kg5. The economic costs of this process will vary significantly with the product’s origin. 

The cost of recycling production scrap is lower than a post-consumer waste and it depends mainly on 

the amount of waste generated by the producers. For post-consumer waste recycling, the cost is higher 

since it is also necessary to have a cleaning equipment (washing line with water or dry cleaning) which 

will increase the operation’s costs. Thus, according to Starlinger, for production scrap recycling to be 

feasible, the minimum amount of waste to be processed in an operation run 24/7 should be 150 kg/h. In 

case of post-consumer waste, since there is also the investment of the washing and drying equipment, 

the minimum feasible amount increases to 350-500 kg/h. The extrusion process occurs at temperatures 

from 210 to 230 ºC therefore the material recycled can be sterilized (source: information gently provided 

by Starlinger). The PP pellets produced by this technique can be sold afterwards. The market value of 

PP remained constant from 1992 to 2005. From 2005 to 2011, it had a rapid growth, reaching values of 

                                                      
5 http://www.starlinger.com/en/recycling/recostar-product-line/recostar-universal/ 

(3) 
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around 2000€/t. Afterwards, its market value has been decreasing, having currently an average of 52 

cent/lb, which corresponds to around 1.05 €/kg or 1050 €/t6.  

The equipment developed by Thermal Compaction Group has an average energy consumption of 

5.5kwh, a maximum capacity of 2m3 per cycle and reduces its volume by 85%7. The process 

temperature (280ºC) enables the sterilization and melting of nonwoven materials and the resulting 

blocks are mainly made of PP, which have a market value of around 250 €/t (source: information gently 

provided by Thermal Compaction Group). Since the process is simple and there are few operation costs, 

an economic feasibility analysis was made for this solution, and the parameters considered are shown 

in Table 3. 

 

Table 3 - Parameters considered for the economic analysis of the implementation of one nonwoven recycling 

equipment developed by the company Thermal Compaction Group. 

Parameter Value Unit  Parameter Value Unit 

Nr. weeks/year 51 w  Nr. of months 14  

Nr. days/week 5 d  Average electric consumption3 5.5 kwh 

Nr. cycles/day 10    Time of 1 cycle3 1.5 h 

Nr. blocks/cycle 3    Cost of 1 kwh 0.17 €/kwh 

Mass/PP block1 16 kg  HW collecting tax 50 €/t 

Market value of PP blocks2 250 €/t  Equipment cost2 67000 € 

Monthly salary (1 worker; 8 h/day) 688.25 €/month  Interest rate 4 % 

Time of the worker used 25 %     
1Average value. The mass of one PP block is 12 to 20 kg (source: https://www.linkedin.com/pulse/1st-hospital-

world-fully-recycle-its-blue-wrap-waste-davison-sebry); Source: 2Information kindly provided by Thermal 

Compaction Group; 3 http://thermalcompactiongroup.com/sterimelt-overview.html; HW – Hospital Waste 

 

According to the parameters mentioned, the expenses regarding worker’s salary and electricity costs, 

and the revenues from the PP blocks sold and the HW tax were estimated, and the gross profit was 

calculated (Table 4). Assuming a conservative scenario, where the market value of recycled PP and the 

HW collecting tax remain the same, and considering an interest rate of 4% and a project lifetime of 10 

years, the profitability indicators were calculated, in order to evaluate the feasibility of the implementation 

of this technology (Table 5). 

 

 

 

 

                                                      
6 http://www.plasticsnews.com/resin/recycled-plastics/historical-pricing?grade=1340802|Vol2 
7 http://thermalcompactiongroup.com/sterimelt-overview.html 
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Table 4 – Annual expenses and revenues and profitability indicators regarding the implementation of an 

equipment developed by Thermal Compaction Group 

Expenses 
Alocated salary1 

4 818 €  Net Present Value 229 748 € 

Electric consumption2 3 576 €  Internal Rate of Return 54.8 % 

Revenue 
PP blocks sold3 

30 600 €  Average profitability 42.3 % 

HW collection4 
6 120 €  Pay Back Time 4 years 1 month  

Gross Profit 28 326 €  Project Profitability Index 419 247 € 

125% of the salary (750€/month); 2 shifts/day. 2average consumption = 5,5kwh; 1,5h/cycle; 0,17€/kwh. 3Market 
value = 250€/t; 3 blocks/cycle; 16kg/block; 10 cycles/day.4Collecting tax = 50€/t; Nonwoven recycled = 122,4 t/year 

 

Taking into account the indicators calculated, it’s possible to see that the feasibility of this solution is 

assured, with an estimated payback time of around 4 years, where the fluctuations of the market value 

of PP blocks and the interest rate can influence the number of years necessary to recover the 

investment. 

The amount of nonwoven recycled in the conditions mentioned in Table 3 is 122,4t/year. Assuming a 

conservative scenario where 50% of DHG are selectively collected and used in this process (i.e. 344t), 

it would be necessary 3 equipments in order to recycle the gowns collected. 

Since there are other medical materials also made of nonwovens, such as protective caps and shoes, 

blue wrap used surgical procedures, among others, the number of recycling equipments possible to 

implement may be higher, if all nonwovens were to be considered. 

In order for both recycling alternatives to be more efficient, DHG and other nonwovens must be collected 

and stored separately from other HW in order to prevent further contamination, to eliminate the sorting 

process and to facilitate its transport to waste recovery facilities. 

 

4. Conclusions 

DHG were analyzed in laboratory. Its HHV was determined to be from 30 to 45 MJ/kg and the ash 

content of gowns 1 and 2 was 30 to 40%. The HHV of the burned fraction, mainly consisted by plastic 

material was 45 and 50 MJ/kg for the two gowns mentioned. 

The alternatives considered to bring more benefits economically and environmentally are the 

substitution of disposable to reusable gowns and mechanical recycling, since both alternatives are 

already successfully implemented in other places. Reusable gowns have a lower energy consumption, 

less environmental and human health impacts, and similar unitary costs. For mechanical recycling, two 

approaches were found. The production of PP pellets can be achieved by sending the material back to 

the manufacturers to recycle it along with their production scrap. The solution given by the company 

Thermal Compaction Group has few economic costs and a return of investment estimated in 4 years. 

For mechanical recycling, DHG must be stored separately from other HW when still in the hospital units. 

This is extremely important since hospital gowns are usually collected in different waste streams, due 
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to the presence or lack of contamination. This way, there is no need to sort the waste, no further 

contamination from other sources is present and the gowns can be easily transported to valorization 

facilities. 

Other nonwoven materials of medical origin could also suffer the same process as disposable gowns. 

totes and drapes from the operating theatre, protective shoes and caps are also made of nonwovens 

and could also be recycled. All this material together may also make some waste recovery alternatives 

such as the incorporation of nonwovens into a RDF more feasible to do in a larger scale, since the 

amount of material that could be processed would be higher. Other nonwovens from other origins also 

exist in the market thus it would be interesting to access if these could also suffer the same valorization 

processes as hospital nonwovens. 
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