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Abstract

�e laundering procedures for health institu-

tions and the food-processing industry must 

ensure the elimination of impurities and ap-

propriate levels of hygiene. In addition to the 

classical combination of chemo-thermal disin-

fection procedures, the laundering procedure 

based on the liquid carbon dioxide (LCO) tech-

nology is becoming more and more assertive. In 

the previous studies on laundry care processes, 

the evaluations of disinfection e�ects have be-

come prominent, while sadly the environmental 

impacts have remained in the background.

�e research focused on comparing the environ-

ment impacts caused by chemical-thermal and 

CO
2
 laundering procedures regarding medical 

textiles. Bioindicators, classical and prototype 

LCO
2
 equipment for the textile laundry, de-

tergents, disinfectants and auxiliary agents, as 

well as the sampling equipment and sampling 

methods were used for the evaluation of disin-

fection e�ects.

�is paper introduces performed wastewater 

ecological analyses using a chemo-thermal pro-

cedure in accordance with the Slovenian reg-

ulation on the substance emission during the 

removal of wastewater from laundries and dry-

CO
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-

-

-

iz vlaken, je transportno sredstvo, ki dovaja toplotno in kinetično 

-

-

ce velik porabnik vode ter hkrati povzročajo velike količine odpa-

-

-

-

-

-

-

-

za 
-

-

postopkov nege se upravičeno pričakuje, da zagotovijo razen od-

stranjevanja nečistoč tudi ustrezno stopnjo higiene tekstilij, kot jih 

nem. Robert Koch Institute Berlin
nem. Deutsche Gesellscha! für Hygiene und Mikrobiologie 

Hannover) -

-

-

-

-

-

ničnih tekstilij ali tekstilij za živilsko industrijo pralnice dosežejo 

 

cleaner’s (Slovenian O#cial Gazette 41/2007). 

Energy and environmental balances for both 

laundering procedures were prepared. Life cycle 

assessment (LCA), life cycle inventories (LCI) 

and life cycle impact assessment (LCIA) meth-

odologies were taken into account.

�e results of our investigation point to the fact 

that the energy used for 1 kg of textiles dur-

ing one-bath LCO
2
 procedure is in compari-

son with the chemo-thermal procedure lower by 

2,800 kJ. It was also discovered that a classical 

chemo-thermal procedure has four times higher 

global warming potential (GWP
TGP

) and acidi-

$cation potential (AP) than the one-bath LCO
2
 

laundering procedure, regarding disinfection.

Keywords: textile care, LCO
2
 procedure, waste-

waters, LCA, ecology.

1 Introduction

Laundering is a complex process where the syn-

ergy of temperature, time, detergent and kinet-

ic energy combines within an aqueous medium 

in order to ensure the elimination of impuri-

ties, thus providing the required quality of tex-

tile care. Water plays a signi$cant and predom-

inant role during the laundering process. It 

enables the wetting of textiles by superseding 

the air within $bres, it is a transportation sys-

tem which supplies the heat and kinetic ener-

gy, it acts as a dispersing agent, which with the 

help of a detergent, absorbs inorganic and or-

ganic impurities and microorganisms, and pre-

vents their redeposition onto a textile surface or 

onto the parts of a washing machine. It is well 

known that laundries consume large amounts 

of water and at the same time produce large 

quantities of laundering wastewater of hetero-

geneous impurities [1, 2]. �e types and quan-

tities of textiles, as well as the laundering pro-

cedure have an important in%uence on the 

degree and composition of laundering waste-

water. When talking about wastewaters, laun-

dries are torn between the economical and leg-

islative demands. As stated by Simonič et al [3], 

large laundries that consume large quantities 

of fresh water during their daily operations re-

quire higher investment and operating costs re-

garding the wastewater treatment. �erefore, 
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-

porabe energije, vode in visokih koncentracij pralnih sredstev, ki 

-

tenzivno raziskujejo in razvijajo tudi nove tehnologije in proce-

 

krovalovih ter tehnologiji CO -

hnologija CO , ki se je že dodobra uveljavila v visokotlačnih se-

-

-

-

ja se je tehnologija nadkritičnega CO

-

, angl. Liquid 
Carbon Dioxide -

 poteka pri 

-

-

-

 učinkovito 

odstranjuje nečistoče brez segrevanja ali hlajenja pri sobni 

-

 ne 

-

 

 

the recycling and reuse is economically unjusti-

$ed. On the other hand, the Slovenian [4] and 

European environmental legislation demand 

from laundries a continuous reduction in the 

amount of fresh water and wastewater, plus the 

consumed energy during the laundering pro-

cess. �is is based on “�e commitment, obli-

gation and strategy for sustainable development 

in the European Union” (an increase in the en-

ergy e#ciency of 20%, a reduction in the green-

house gas (GHG) of 20%) [6].

Hospital textiles may contain various types of 

microorganisms, thus posing a potential risk for 

the health of patients and sta� in health facil-

ities and institutes [7, 8]. �e laundering pro-

cedures must ensure the cleansing of impurities 

and also an appropriate level of textile hygiene, 

as indicated by the recommendations of RKI 

(Robert Koch Institute, Berlin) [9] or DGHM 

(Deutsche Gesellscha! für Hygiene und Mikro-

biologie, Hannover) [10]. Jaska and Fredell al-

ready found signi$cant di�erences between the 

processes of eliminating impurities and micro-

organisms from textiles [11]. During the laun-

dering process, the temperature, bath ratio and 

mechanochemical mechanisms play a signif-

icant role in the elimination of bacteria, fun-

gi and viruses from textiles. Jaska and Fredell 

also proved that by increasing the laundering 

bath temperatures above 60 °C, the e#ciencies 

of microorganism elimination increase as well. 

Moreover, it was also established that the laun-

dering bath temperatures lower than 50 °C re-

move 95% of microorganisms from the textile 

into the bath. However, these microorganisms 

survive the laundering process [12, 13] and pre-

sent a potential danger as they can spread in-

fection. Nowadays, the disinfection e�ects on 

hospital textiles or textiles for the food industry 

can be achieved using conventional procedures, 

e.g. thermal, low temperature chemicals or by 

combining both procedures. More common-

ly used is the chemo-thermal disinfection laun-

dering procedure, although the chemical and 

thermal procedures are being used less preva-

lently due to their large consumption of ener-

gy, water and high concentrations of chemicals. 

�e latter could predominantly a�ect the length 

of the use-life of textiles or laundry equipment 

[14]. �e classical disinfection laundering pro-
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-

 potekajo poglobljene 

-

kuževalnih sredstev, pogojev razkuževanja ter odpravljanja po-

-

-

-

-

-

-

-

tekstilij s CO

-

-

 pri 

-

kove kisline pri raztapljanju CO

-

-

-

kor tudi v izvedbo projekta, so bili vključeni trije centri znanja ter 

-

-

-

-

-

 razkuževal-

življenjskega cikla 
izdelka/storitve (angl. Life Cycle Assessment), popisa stanja 

(angl. Life Cycle Inventory) 
(angl. Life Cycle Impact Assessment)

-

cedures can be used; however, they are a subject 

to the environmental and energy restrictions re-

garding their usage.

�erefore, an intensive research and develop-

ment are being performed on new textile care 

technologies and processes. �ese researches are 

based on ozone, UV radiation and microwaves, 

and CO
2
 technology. �e CO

2
 technology clear-

ly stands out from among these, as it is already 

well-established within the high-pressure sepa-

ration processes and chemical syntheses [15]. 

CO
2
 is a non-%ammable colourless gas with no 

odour or taste. It is derived from natural sourc-

es and partly from industrial waste gases [16, 

17]. �e use of the CO
2
 technology for textile 

$nishing is not entirely unknown. In the ear-

ly 1990s, a supercritical CO
2
 technology (120 

bar) was used in the dyeing of PES $bres [18, 

19], which later almost completely disappeared. 

�is was attributed to the expensive and robust 

equipment, special security requirements and 

a tougher economic situation, as well as to the 

fashion trends that have turned towards natu-

ral $bres.

Pioneering the treatment of textiles using the 

liquid carbon dioxide (LCO
2
) laundry devel-

opment, which belongs to dry-cleaning laun-

dry methods, dates back to the mid-1970s. �e 

textile care using LCO
2
 was performed un-

der pressure between 40 and 60 bar, and with-

in the temperature range between 5 and 20 °C 

[20, 21]. �is is the technology that is to be re-

placed in the USA a!er 2020 with textile clean-

ing using perchloroethylene (PER) and hydro-

carbon solvents (HCS) [17, 22]. �e EU is also 

aware of the health and ecological impacts of 

dry-cleaning with PER, the annual emissions of 

which in the EU amounts to 70,000 t [23]. �is 

is why the EU’s environmental and energy strat-

egies include a successive transition towards 

“green” laundry and cleaning technologies [24].

As reported by Van Roosmalen [25], LCO
2
 can 

e#ciently remove impurities at room tempera-

ture, without any heating or cooling. Relatively 

large particles (> 20 μm) can be removed dur-

ing the LCO
2
 procedure using intensive me-

chanical action, whilst impure particles smaller 

than 20 μm can be removed from textiles only 

with a combination of mechanical agitation 

and a surface-active agent.
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-

 postopek 

-

različnih bioindikatorjev, ki so bili izbrani na podlagi priporo-

-

2.1 Bioindikatorji
Za vrednotenje razkuževalne učinkovitosti postopkov nege so bili 

Enterococcus faecium ATCC 6057, Staphylococcus aure-
us ATCC 6538, Enterobacter aerogenes ATCC 13048 in Candida al-
bicans ATCC 2091 -

-

2.2 Kemijsko-termični postopek nege
-

-

-

nega razkuževalnega postopka je bil uporabljen bobnasti pralni 

-

-

 

-

-

je vzorčenje odpadnih pralnih kopeli sta bila na izstopni liniji na-

Comparisons between di�erent wet and dry-

cleaning textile care procedures showed [23, 

26] that the cleaning with LCO
2
 or HCS pro-

vides by 10–20% higher cleaning e�ects than 

the cleaning with PER. �e LCO
2
 cleaning ef-

fects are comparable or even somewhat higher 

than the e�ects of laundering and wet cleaning. 

It was discovered that the LCO
2
 dry-clean-

ing does not cause changes in the dimension-

al and colour characteristics of dyed, printed or 

%ocked textiles, as well as no weight reduction 

of the fabric or pilling. �e stain removal e#-

ciency with LCO
2
 depends on the stain compo-

sition and is between 60%–100% compared to 

the PER procedure [21, 23].

�e results of the research where textile care ef-

fects were evaluated undoubtedly contributed 

to the intensive development of the LCO
2
 tech-

nology and the increasing number of LCO
2
 in-

dustrial washing machines in commercial laun-

dries in the USA and EU [23, 27].

In-depth investigations have been conducted in 

the $eld of laundry hygiene and LCO
2
, main-

ly focusing on the laundering and disinfection 

agents, disinfection conditions and the elimi-

nation of imperfections regarding classical dis-

infection processes. �e di�usion of disinfec-

tion agent into the $bre is a slow process [28, 

29], which re%ects in the prolonging of laun-

dering time and consequently, in an accumula-

tion of di#culties concerning the morphological 

changes to heat-sensitive textiles. On the oth-

er hand, the residue of the disinfection agent 

could compromise the health of the user with 

the result that most of the wound-care materi-

als (synthetic biomaterials which actively inter-

fere in the biochemical wound healing process 

) and implants are impossible to disinfect. 

�e fact cannot be neglected that most availa-

ble disinfectants are %ammable, potentially tox-

ic, and thereby jeopardise the health and safe-

ty of employees in laundries. At the same time 

they present environmental stressors [31].

High disinfection e�ects were achieved when 

contaminated textiles were CO
2
 treated at the 

temperatures between 32–120 °C, at pres-

sures from 70–300 bar and with rapid period-

ic changes in the working pressure, as well as 

rapid transmission from working to atmospher-

ic pressure [32, 33]. �e research also con$rms 
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Figure 1: Scheme of chemo-thermal laundry unit
Used abbreviations: PS – drum washing machine; ME – water sof-
tening device; DS – automatic dosing device; P1–P4 – dosing pumps; 
V – %ow meter for water/laundering agents; T – temperature meas-
uring device; E – electricity meter; VZ – sampling of laundry waste-
waters.

-

-

 

-

-

 

-

that the LCO
2
 treatment at 20 °C and 70 bar 

pressure has a disinfection e�ect due to the pre-

sent carbonic acid which occurs when the CO
2
 

loosens moisture from a cotton textile [34]. It is 

also important to note that for the development 

of textile disinfection processes, the disinfection 

e�ect can be achieved with a combination of 

LCO
2
 and water (< 1%) at the temperatures be-

tween 20 and 65 °C, and working pressure low-

er than 50 bar [31].

Within the context of the FP7 project “AC-

CEPT”, which ended in 2010, the textile care 

procedures based on the LCO
2
 technology were 

studied and developed [35]. �e preparation 

and de$nition of the project tasks, as well as the 

project implementation included three universi-

ty research institutes and eight companies, from 

the manufacturers of laundering and disinfec-

tion agents, medical equipment and implants, 

laundering equipment, to the commercial laun-

dries from di�erent EU countries [36]. �e im-

plementation was divided into two phases. �e 

$rst phase included the research and develop-

ment of laundering and disinfection agents, 

and low-temperature disinfection procedures 

for textile, leather and medical instruments 

performed with the help of the LCO
2
 technolo-

gy. �e focus of the second research phase was 

the analysis and evaluation of the environmen-

tal impacts caused by various laundering pro-

cedures of medical textiles. �e classical and 

newly developed low-temperature LCO
2
 disin-

fection laundering procedures were analysed. 

�e life cycle assessment (LCA), life cycle in-

ventories (LCI) and life cycle impact assessment 

(LCIA) methodologies were used during the re-

search [37]. �is paper presents a comparison 

Table 1: Characteristics of used fabrics

Weave
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2.3 Postopek nege LCO
2
 

-

ni sestavni deli so: zunanji in delovni rezervoar CO , hladilnik, vi-

-

 iz avtoklavirne posode po obdela-

CO -

-

-

-

-

-

 so prikazani 

 

between the environmental impacts of two dis-

infection laundering procedures, namely the 

chemo-thermal and one-bath LCO
2
 procedures, 

which provide identical levels of hygiene.

2 Experimental

�e chemo-thermal and one-bath LCO
2
 pro-

cedures were performed with the purpose of 

evaluating their degrees of microorganism re-

ductions and environmental impacts. �e dis-

infection e�ect was determined in such a way 

that di�erent bioindicators, selected by recom-

mendation, were laundered at laboratory con-

ditions [8]. �e classical and prototype LCO
2
 

textile laundry equipment and detergents, dis-

infectants and laundering agents were used.

�e laundering phase and the evaluations of 

the disinfection e�ects were followed by further 

research and comparison between environmen-

tal impacts and LCI, which was the basis for 

the LCIA evaluation between di�erent launder-

ing procedures.

Table 2: Structure and conditions of chemo-thermal laundering procedure

Washing agent

Washing agent

Rinsing – – –

–

Table 3: Structure and conditions of one-bath LCO
2
 laundering procedure

Phase Temperature

(°C)

Pressure

(bar)

Duration

(min)

Laundering 

agent

Amount

(ml/l CO
2
)

Evacuation – – –

 preparation – –

Washing agent

– – –

Recycling – – –
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T1 

T2 

H1 

S1 

P1 

Z1 

Z2 

C2 

C1 

CO2 

CO
2
 

Figure 2: Scheme of high pressure UHDE HP Technologies GmbH 
Hagen (Germany) CO

2
 device

Used abbreviations: T1 – CO
2 
outdoor storage tank; H1 – condenser; 

T2 – CO
2 
machine storage tank; P1 – compressor; Z1, Z2 – heat ex-

changers; C1, C2 – cleaning vessels (500 ml, 5,000 ml); S1 – distilla-
tion tank.

2.4 Pralna sredstva
-

-

kalno, sestavljeno iz natrijevega hidroksida, kalijevega hidroksida, 

-

nega sredstva), razkuževalno (vodikov peroksid, peroksiocetna ki-

slina, ocetna kislina) in nevtralizirno sredstvo (raztopina ocetne 

 dodano te-

-

2.5 Vrednotenje ekoloških parametrov pralnih vod

-

-

tode vrednotenja odpadnih pralnih vod so navedeni v pregledni-

2.6 Vrednotenje razkuževalnih učinkov
-

CFU (angl. Colony 
Forming Units) na bioindikatorski tkanini pred izvedbo razkuže-

-

Red
CFU

 je bilo izvedeno tako, kot predpisujejo standardi 

Textile bioindicators were used in the evalua-

tion of the disinfection e#ciency using the fol-

lowing cultures of microorganisms: Entero-

coccus faecium ATCC 6057, Staphylococcus 

aureus ATCC 6538, Enterobacter aerogenes 

ATCC 13048 and Candida albicans ATCC 

2091.

A cotton fabric was used as the substrate. Its 

characteristics met the ISO2267 standard [38] 

and are shown in Table 1. �e sequences and 

conditions for the preparation of bioindicators 

were stated in previous research [7, 39].

 procedure

�e classical laundering procedure for wash-

ing hospital textiles was performed at labora-

tory conditions, consisting of prewashing, main 

washing, rinsing, neutralisation and spinning. 

In order to realise the chemo-thermal disinfec-

tion laundering procedure, an Electrolux Was-

cator FOM 71 CLS-LAB (Sweden) drum wash-

ing machine was used with the capacity of 7.5 

kg, drum volume 75 l, a programmable wash-

ing process and a microprocessor regulation of 

time, temperature and mechanical action. So! 

laundering water was prepared using a WAK 

10-KMN-1 (Hidrotehnični biro, Slovenia) sof-

tening device. �e quantities of the input/out-

put material and energy %ux were monitored 

using digital measuring devices mounted on in-

put/output lines.

�e amounts of water and detergent, as well as 

their temperatures were measured using digi-

tal meters (meter WFH36 DVN Qvedis GmbH 

(Germany)) at the inlet pipes and similarly, the 

amount of the waste washing bath criteria at 

the outlet release pipe. A valve and an output 

tap were installed at the outlet opening for an 

easier sampling of the laundering wastewater. 

�e power consumption was measured using 

a three-phase MT351 electricity metre (Iskra, 

Slovenia). �e scheme for the used laboratory 

chemo-thermal laundry unit is shown in Fig-

ure 1.

�e chemo-thermal process began with the in-

sertion of bioindicators and ballast fabric (cf. 

Table 1) into the drum of the washing machine, 

followed by dosing with so!ened water and 
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2.7 Analize LCA, LCI 

-

-

-

-

angl. Cradle 
to Grave

-

-

stribucije končnih izdelkov, pakiranja, uporabe, vzdrževanja, reci-

kliranja, končnega odlaganja izrabljenih izdelkov na odpad, vse do 

laundering agents, the bath then being heated 

to 35 °C. �is was followed by the release of the 

pre-wash bath, dosing of freshly so!ened wa-

ter, the laundering and disinfection agents, the 

bath being heated to 70 °C and a 9-minute dis-

infection. �e chemo-thermal washing process 

was completed by rinsing, neutralisation and 

the spinning phase at 550 RPM. �e sequence 

of phases and conditions performed during the 

chemo-thermal laundering procedure is shown 

in Table 2.

 laundering procedure

�e laboratory’s UHDE High Pressure Tech-

nologies GmbH Hagen (Germany) device was 

Table 4: Parameters, concentration limits and methods for chemo-thermal laundry wastewaters [4]

Standard

water sewage

Suspended substances (a)

/l)

d –

/l) –

/l) –

(d) (d)

(a)

Legend of used abbr.:

(a) �e limit concentration of suspended substances and surfactants in wastewater is determined with the value at which there is no in%u-

ence on the sewage system or purifying plant.

(b) �e limit value is not de$ned in the case of disinfection of laundry from health care.

(c) For wastewater %owing into a purifying plant with capacity less than 2,000 PE, the limit value is 100 mg/l; for wastewater %owing into 

a purifying plant with capacity of 2,000 PE or more, the limit value is 200 mg/l.

(d) �e parameter limit value is valid for wastewater originating from washing laundry from health care.
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-

zbiranja podatkov o snovnih in energetskih tokovih ter njihovih 

analiz, kot tudi postopki vrednotenja vplivov na okolje so navede-

-

-

-

-

-

-

-

-

-

-

angl. benchmarking
okolje se odraža v različnih pristopih ocenjevanja (vpliv na lokal-

no ali globalno onesnaževanje) ter v uporabi različnih dejavnikov 

-

vanje ozračja, zakisanje ozračja, krčenje ozonske plasti, rakotvor-

-

-

lacij: CML2001, CERA-Cumulative Energy Requirements Analysis, 
Eco-indicator 99, Ecological footpint, EDP-Ecosystem Damage Po-
tential, EDIP2003-Environmental Design of Industrial Products, 
IMPACT 2002+, IPCC 2001, TRACI, SLCI-Selected Life Cycle In-
ventory Indicators

-

sida (CO O), ozona (O ), 

-

), ki so posledica človekove dejavnosti, 

-

-

 

used during this laundering procedure. Its main 

components are an external supply and stor-

age CO
2
 tank, cooling unit, high-pressure pump, 

heat exchangers, two cleaning vessels (500 ml, 

5,000 ml) and a separator. �e UHDE high-

pressure device uses the so-called closed system, 

where a!er each laundering treatment, con-

taminated CO
2
 is recycled and the impurities 

and CO
2
 are separated. �e puri$ed CO

2
 is led 

into a storage tank and prepared for re-usage.

A one-bath LCO
2
 laundering disinfection pro-

cedure was performed in a laboratory at con-

ditions which were identical to the disinfection 

conditions of a Gamma S35 Electrolux (Swe-

den) commercial prototype laundering machine 

installed at our research partner at WFK Kre-

feld (Germany).

A!er loading the cleaning vessel with the vol-

ume of 500 ml, containing bioindicators and 

a laundering agent, the vessel was loaded with 

CO
2
, having the purity > 99.7% [40]. A!er the 

LCO
2
 treatment of bioindicators for 25 min at 

pressure of 50 bar and temperature 50 °C, a de-

compression phase followed, i.e. slowly lowering 

from the working to atmospheric pressure with-

in 15 min.

�e sequence of phases and conditions for 

the performed LCO
2
 laundering procedure 

is shown in Table 3. �e scheme for the used 

LCO
2
 equipment is shown in Figure 2.

An industrial laundering detergent was used 

during the investigated chemo-thermal laun-

dering procedure. �is was liquid, highly con-

centrated and strongly alkaline, consisting of 

sodium hydroxide, potassium hydroxide, gly-

colic acid, non-ionic surfactants, phosphonates 

and optical bleaching agents, plus a disinfection 

agent (a solution of hydrogen peroxide, peracet-

ic acid, acetic acid) and a neutralising agent 

(solution of acetic acid).

A commercial dry-cleaning detergent (2-(2-bu-

toxyethoxy) ethanol, alcohols, non-ionic-sur-

factant), soluble in LCO
2
 up to 12 ml/l LCO

2
 

were added to LCO
2
 during the LCO

2
 launder-

ing procedure [41].
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GWP
TGP

 (angl. 
Global Warming Potential)

segrevanja podnebja zaradi CO -

GWP
i
 

GWP
i
(t) = 

∫
0

t
 a

g 
x

g
 (t)dt

∫
0

t
 a

CO2 
x

CO2
 (t)dt 

kjer je

a – koe$cient zadrževanja dolgovalovnega sevanja (W/m2 kg)
x – razgradnja plina v ozračju (kg/s)
g – TGP (CH

4
), N

2
O, HFC, PFC, SF

6
)

t – časovno razdobje (20, 100, 500 let)
GWP

i 
(t) – potencial globalnega segrevanja za posamičen TPG v 

časovnem obdobju (kg CO
2
 eq)

GWP
i
 

Table 5: Characteristics and characterisation factors GWP
i
 for GHG 

[61]

Substance
i

(kg CO  eq)

CO –

O

Za izračun GWP
TGP

GWP
TGP

 (t) = Σ (m
i
 (t) × GWP

i
(t)) + (m

i+1
 (t) × GWP

i+1
(t)) + …

+ (m
i+n

 (t) × GWP
i+n

(t)),  

kjer je

m
i, i+1,…,i+n

 (t) masa TGP – za časovno obdobje t (kg)
GWP

i, i+1,…,i+n 
(t) – speci$čni indeks globalnega segrevanja TGP za 

časovno obdobje t (kg CO
2
 eq)

t – časovno obdobje (20, 100, 500 let)
GWP

TGP 
(t) – potencial globalnega segrevanja za časovno obdobje t 

(kg CO
2
 eq)

A!er sampling the wastewaters from di�erent 

chemo-thermal laundering phases, the samples 

were evaluated according to regulations [42, 43, 

44]. �e standards and evaluation methods for 

washing wastewater are noted in Table 4.

�e disinfection laundering procedure must 

achieve according to the SIST14065 and 

NFXP07172 standards [45, 46] the reduction of 

bacteria by 5 log and fungi by 4 log. Microor-

ganism colonies on textile bioindicators (CFU, 

Colony Forming Units) were counted before 

and a!er the disinfection laundering proce-

dure, and the calculation of reduction e#cien-

cy (RED) was performed as determined by the 

SIST20734, SIST20645, SIST6222 standards 

[47–49] and [7, 39].

�e LCA methodology proved to be the most 

appropriate method to objectively evaluate en-

vironmental impacts. �e LCA methodology 

evaluates the environmental impacts associat-

ed with a particular product or service, in order 

to assess any potential consequences for the en-

vironment. �is evaluation is based on the re-

cording of raw materials and energy consump-

tion, and the waste and emissions released into 

the environment. �is evaluation should in-

clude all environmental impacts throughout the 

whole lifecycle of a product or process, i.e. “from 

cradle to grave”. �e environmental risk eval-

uation must cover all the product phases from 

the mining of raw materials, designing and 

manufacturing materials, semi-$nished and 

$nished products, transportation among pro-

duction phases, distribution of $nished prod-

ucts, packaging, use/reuse, sustenance, recy-

cling, waste management, all the way to the 

acquisition, production and distribution of en-

ergy, and emissions released into the environ-

ment [50]. It should be pointed out that the 

centre of the LCA research can be represented 

by a product and not only a process or service.

�e principles and objectives of the LCA meth-

odology, the boundaries of evaluation, sources 

for collecting data on raw materials and ener-
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 lahko povzročijo tudi nasičenost tal 

-

(angl. Acidi$cation Potential), ki se izra-

ža kot indeks zakisljevanja okolja, se izračuna po enačbi,

AP = Σ (m
i
 × AP

i
) + (m

i+1
 × AP

i+1
) + …+ (m

i+n
 × AP

i+n
),  

kjer je

m
i, i+1,…,i+n 

– masa posameznega TGP (kg)
AP

i, i+1,…,i+n 
–

 
utežni faktor TGP (kg SO

2
 eq/kg)

AP – potencial zakisljevanja (kg SO
2
 eq)

AP
i

AP, so prikazani 

Table 6: Characterisation factors AP
i
 for some causers of acidi$ca-

tion [67]

Substance
i  
(kg SO  eq)

SO

-

-

-

postopki obdelave odpadnih vod ter recikliranja odpadkov, niso 

-

-

gi posnetka stanja in zajetih podatkov so bile izdelane blokovne 

-

na/razkuževalna/nevtralizirna sredstva, voda, CO , energija, čas 

trajanja) in izhodne (izpusti vod, izpusti CO  

-

-

-

gy %ows, as well as the mode of environmental 

impact proceedings are listed in the ISO 14000 

family standards. �e environmental manage-

ment standards are relatively new compared 

to other standards, e.g. the standards for sam-

pling, testing and analytical methods for moni-

toring and inspecting special environmental as-

pects. �e standards should provide companies 

with a tool for an e#cient determination of re-

sponsibility and permanent evaluation of prac-

tices, procedures and processes [51]. As stat-

ed in the SIST2011 standard [51], the LCA 

methodology is de$ned within four SIST EN 

ISO standards 14040, 14041, 14042, 14042, 

which relate to the following evaluation phas-

es: goal and scope de$nition, inventory analy-

sis of all input/output raw material and energy 

%ows (LCI), environmental impact assessment 

(LCIA), and the presentation and interpre-

tation of LCA analyses. �e $rst, second and 

fourth phase of the LCA assessment are speci-

$ed in standards in detail, while the third phase 

about the linking of collected data with harm-

ful in%uences on the environment is still under 

development, being updated. Generally spec-

i$ed parameters, e.g. solid waste, wastewa-

ter emissions, energy emissions, gas emissions 

have di�erent impacts on the environment, 

thus increasing the complexities of interaction 

between the evaluations and quantities of sys-

tem parameters. Various evaluation methods 

have been developed for the LCIA impact as-

sessment, i.e. critical volumes method, devia-

tion from target values, risk assessment based 

on the kind of environment where emissions 

are released, the concept of correlation between 

emissions for known and unknown chemical 

substances, the so-called benchmarking [50]. 

�e disadvantage of environmental impact as-

sessments is re%ected in various evaluation ap-

proaches (impact on local or global pollution) 

and the uses of di�erent environmental impact 

factors (global warming potential, acidi$cation, 

shrinking ozone layer, cancerogenity, photo-

chemical ozone creation, eutrophication, toxic-

ity, e�ect on human health etc). �e bases for 

evaluating impact assessment are the follow-

ing methods with no correlation among them: 

CML2001, CERA-Cumulative Energy Require-

ments Analysis, Eco-indicator 99, Ecological 
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 razkuževal-

podlagi porabljene električne energije v razkuževalnih postopkih 

-

struktura virov za proizvodnjo električne energije (angl. electrici-
ty mix

-

čunov potenciala globalnega segrevanja GWP
100

 in potenciala za-

kisljevanja okolja AP ob GWP
i
 in 

AP
i

, ki sta zagotavljala enako stopnjo razkuževanja, 

 

-

-

-

-

 so 

-

-

-

odpadne pralne vode znova prekoračijo dovoljeno vsebnost celot-

-

-

 

-

-

footpint, EDP-Ecosystem Damage Potential, 

EDIP2003-Environmental Design of Industrial 

Products, IMPACT 2002+, IPCC 2001, TRA-

CI, SLCI-Selected Life Cycle Inventory Indica-

tors [50, 52–57].

It is well-known that the emissions of green-

house gases (GHG), emissions of carbon diox-

ide (CO
2
), methane (CH

4
), nitrous oxide (N

2
O), 

ozone (O
3
), hydro%uorocarbons (HFCs), per-

%uorocarbons (PFCs) and sulphur hexa%uoride 

(SF
6
), all caused by human activities, contrib-

ute to the greenhouse e�ect and consequent-

ly, to climate changes. �e anthropogenic emis-

sions of these gases are mainly associated with 

the production and usage of fossil fuels, with 

some industrial production processes, agricul-

ture and waste management. �e global warm-

ing potential indicator, which gives the GWP
GHG 

index, is de$ned as “the global warming poten-

tial of a greenhouse gas compared to the po-

tential global warming due to carbon dioxide” 

[58–60]. �e characterisation factor GWP
i
 for 

each GHG was calculated based on equation 

(1) [61], where:

a – radiative forcing coe#cient for long wave-

length radiation (W/m2kg),

x – concentration of GHG g at time t a!er re-

lease,

g – GHG (CH
4
, N

2
O, HFC, PFC, SF

6
),

t – time-intervals over which the integrations 

are made (20, 100, 500 years), and

GWP
i 
(t) – characterisation factor for GHG g at 

time t.

�e characteristics and characterisation fac-

tors GWP
i
 for GHG are shown in Table 5. �e 

GWP
GHG

 indicator is calculated based on equa-

tion (2) [62, 63], where:

m
i, i+1,…,i+n

 – mass of GHG (kg),

GWP
i, i+1,…,i+n 

(t) – characterisation factor for 

GHG i (kg CO
2
 eq) at time t,

t – time-intervals over which the integrations 

are made (20, 100, 500 years), and

GWP
TGP 

(t) – global warming potential indica-

tor (kg CO
2
 eq).

Fossil-fuel combustion and intensive agricul-

ture are the predominant man-made sources of 

environmental acidi$cation. �e main causes 

are the released emissions of acid gases, e.g. sul-

phur dioxide (SO
2
), nitrogen oxides (NO

x
), am-

monia (NH
3
) and volatile organic compounds 
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-

-

(VOC), which can produce photochemical ox-

idants with reactions with nitrogen oxides in 

the presence of sunlight [64]. �e damaging ef-

fects of acidi$cation are manifested in humans’ 

health, forest ecosystems and buildings. �e 

emissions of NO
X
 and NH

3 
have negative im-

pacts on the soil or water satiation with nitro-

Table 7: Values of investigated chemo-thermal laundering wastewater parameters (average of three launder-
ing procedures)

Rinsing

Suspended substances

/l)

/l)

Table 8: Results of LCA and LCI analyses and environmental impact assessments for chemo-thermal and one-
bath LCO

2
 procedure (for 1 kg of laundered textile)

Energy kJ

Water l –

gen, causing eutrophication, i.e. excessive accu-

mulation of nutrients [60, 65, 66].

�e acidi$cation potential indicator AP is cal-

culated with equation (3), where,

m
i, i+1,…,i+n 

– mass of GHG (kg),

AP
i, i+1,…,i+n  

– characterisation factor of GHG 

(kg SO
2
 eq/kg), and

AP – acidi$cation potential indicator (kg SO
2
 

eq).

-

 

-
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-

trične energije porabi za hlajenje CO

CO

energije za hitro hlajenje CO -

je posledica počasnega izpusta in hlajenja CO

-

-

-

-

-

-

-

-

 na razkuževanje tekstilnih bioindikatorjev 

-

-

-

-

, ki jih povzro-

/kg teks-

/kg tekstilij pri dnu razpredel-

 

-

 

�e characterisation factors for some of the 

main GHG causers of acidi$cation, which are 

considered during the calculation of the acidi$-

cation indicator AP, are shown in Table 6 [67].

�e goal of the LCA analysis was to collect, 

evaluate and compare the environmental im-

pacts of two laundering procedures. �e input/

output parameters of both, the chemo-thermal 

and one-bath LCO
2
 laundering procedures were 

analysed during the research. Other system el-

ements, e.g. the washing machine, laundry de-

tergent and disinfection agent production, all 

types of transport, packaging and storage, and 

wastewater treatment and recycling of waste, 

were excluded from this study.

All parameters for each disinfection laundering 

procedure were recorded during the $rst steep. 

�e recorded and collected data presented the 

basis for preparing a technological block-dia-

gram with inlets (bioindicators, laundering/dis-

infection/neutralizing agents, water, CO
2
, en-

ergy, laundering time) and outlets (discharge 

of water and CO
2
 emissions into the environ-

ment) parameters. �e LCI schemes of laun-

dering processes were prepared based on these 

data. �e following environmental impact as-

sessments of disinfection laundering proce-

dures (LCIA) were performed by consider-

ing the databases of the characterisation and 

emission factors obtained from the Intergov-

ernmental Panel on Climate Change (IPCC) 

[68], ELCD database of EC Join Research Cen-

tre, Institute for Environment and Sustainabil-

ity (EU JRC) [66] and Global Emission Mod-

el so!ware package for Integrated Systems 

(GEMIS) [69]. �e environmental impact as-

sessments of chemo-thermal and LCO
2
 disinfec-

tion laundering procedures were performed ac-

cording to the CML2001 method [56, 67]. �e 

measured energy consumptions for disinfection 

laundering procedures were the basis for calcu-

lating the GHG gas emissions of the 27 mem-

ber states of the European Union (EU27) and of 

the member states of the ACCEPT research pro-

ject (Germany, Netherland, UK, Sweden, Slo-

venia). �ese calculations took into considera-

tion the structures of the sources for electricity 

production (electricity-mix) for the year 2002, 

as available in the JRC ELCD Database II [66]. 

Later, the global warming potential indicator 
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-

-

-

-

da je struktura konvencionalnih in obnovljivih virov za proizvod- 

-

-

-

GWP
GHG

 (100 years) and potential acidi$cation 

indicator AP, regarding the GWP
i
 and AP

i
 fac-

tors were calculated.

3 Results and discussion

Two disinfection laundering procedures, the 

chemo-thermal and, within the European re-

search “ACCEPT” project, the developed one-

bath LCO
2
 procedure were conducted with re-

gard to environmental impact assessments. 

Both procedures ensured the same disinfection 

e#ciency. Wastewater methodology was used 

in the research as de$ned by the Slovenian en-

vironmental legislation and the LCA method-

ology for raw-material and energy inventories 

(LCI), and the environmental impact assess-

ments (LCIA).

Table 9: Emissions of GHG and acidi$cation substances among member states for the country of project part-
ner and EU27 average (for 1 kg of laundered textile)

Country

Sweden Slovenia

CO g

g

g

SO g

g

g

g

Table 10: Emissions of GHG and acidi$cation substances for one-bath LCO
2
 laundering procedure for the 

country of project partner and EU27 average (for 1 kg of laundered textile)

Country

Sweden Slovenia

CO g

g

g

SO g

g

g

g
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vodnjo električne energije se ustrezno odražajo tudi v potencialih 

-

najnižja indeksa GWP
100

 in AP  eq/kg 

�e results of the chemo-thermal laundering 

wastewater parameters are shown in Table 7, 

whereas the results of the LCA and LCI analy-

ses, and the environmental impact assessments 

for both, the chemo-thermal and one-bath 

LCO
2
 procedures, are in Tables 8–12.

�e chemo-thermal laundering wastewaters 

showed a particularly distressing impact on 

the environment (cf. Table 7). �e pre-wash-

ing wastewaters were all at the forefront, where 

the parameters exceeded the limit values for 

the emissions into water: nitrogen ammonia 

Table 11: Structure of prime energy sources for electricity production for the country of project partner and 
EU27 average (for the year 2002) (JRC ELCD Database II [66])

Energy source

Sweden Slovenia

Coal

Waste

Wind

Others

Table 12: GWP and AP indicators for chemo-thermal and one-bath LCO
2
 disinfection laundering procedures 

(for 1 kg of laundered textile)

Country

(g CO  eq) (g SO  eq) (g CO  eq) (g SO  eq)

Sweden

Slovenia
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CO

GWP
100

 eq/kg tekstilij in AP  

-

deksa globalnega segrevanja GWP
100

 in AP -

-

 

-

stvo, da zaradi č čajo koncentracije to-

plogrednih plinov v ozrač

čih in razvoju novih proizvodnih tehnologij, za-

-

getske zahteve, saj je potreben dokaj velik vložek električne ener-

gije za dosego pralnih in razkuževalnih učinkov, kar se negativno 

-

-

-

 izpol-

poraba električne energije in pralnega sredstva, kar vse skupaj pri-

 na področju 

 

-

-

 Cle-

by 6.62 mg N/l, total phosphorus by 0.5 mg P/l, 

COD by 200 mg O
2
/l, and BOD5 by 239 mg 

O
2
/l. Even the wastewaters of the main washing 

exceeded the limit values in the cases of tem-

perature by 33.7 and 23.7 °C, respectively, ni-

trogen ammonia by 1.12 mg N/l and COD by 

65 mg O
2
/l. �e values for the rinsing waste-

waters were below the set thresholds, while the 

neutralisation wastewaters again exceeded the 

limit concentrations for total phosphorus by 0.1 

mg P/l and BOD
5 
by 26 mg O

2
/l. It can be seen 

from the results in Table 7 that the values for 

nitrogen ammonia achieved the highest values 

for pre-washing wastewaters (11.62 mg/l) and 

then declined in the main washing by 47.33%, 

when rinsing by 62.82%, and with neutralisa-

tion wastewaters by 73.15%. �e same declin-

ing trend could be observed in the cases of COD 

and BOD
5
 values in wastewaters: in the main 

washing waters, the COD values declined by 

42.19% and BOD
5
 by 51.52%, in the spinning-

waters, the COD declined by 82.81% and BOD
5
 

by 90.53%, while in the neutralisation wa-

ters, the reduction was lower (COD by 70.31%, 

BOD
5
 by 80.68%) versus the values of pre-

washing wastewaters. �e reasons for the enor-

mous excess could be the types and amounts of 

the used detergents, and the disinfection and 

neutralisation agents. Based on the results of 

this study, it can be concluded that the chemo-

thermal wastewaters are unsuitable for a direct 

discharge into rivers or lakes, as well as for a re-

use within the laundering procedures without 

any form of a wastewater treatment.

�e analyses of raw-material and energy %ows 

(cf. Table 8) showed that the chemo-thermal 

laundering procedure consumed 3,700 kJ of en-

ergy, while the one-bath LCO
2
 disinfection pro-

cedure consumed 75.68% less energy (900 kJ). 

�e chemo-thermal laundering procedure con-

sumed the most energy for heating the launder-

ing bath during the pre-washing (46.5%) and 

main washing (49.45%) phases, whereas during 

the rinsing and neutralisation phases, it con-

sumed 3.30% and 1.10% of electrical energy. 

�e major energy consumers were the electrical 

heaters, while for the electrical motor which ro-

tates the washing drum the pumps for pumping 

fresh water, the laundering agents, the launder-

ing and neutralisation baths, the microproces-
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Chemische Fabrik Kreussler & Co. GmbH 
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-

sor unit and the electro valves the consumption 

was negligible. During the one-bath LCO2 dis-

infection procedure, 92.36% of electrical energy 

was consumed for the cooling of CO2 with elec-

trical pumps and ventilators during the decom-

pression phase (61.57%)  and during the CO2 

recycling phase (30.79%), both following at the 

end of the cleansing phase. An important con-

tribution to reducing high electricity consump-

tion would undoubtedly be a substitution of the 

existing cooling system with a water cool-de-

vice.

�e LCO
2
 disinfection procedure lasted for 

about 8 min longer when compared to the 

chemo-thermal procedure (cf. Tables 2 and 3), 

which was due to the slow decompression and 

the CO
2
 cooling (17 min) to prevent “dry ice”. 

In contrast to the chemo-thermal procedure, 

where the pre-washing, main washing and spin-

ning phases were equally long (i.e. 11.06 min), 

the neutralisation phase took half the time and 

the LCO
2
 procedure was more dynamic. A!er 

the two short phases (2 min), the air-evacua-

tion, compression and heating of CO
2
 followed 

a relatively long-lasting laundering phase (25 

min), which assured the expected disinfection 

levels of textiles.

It is also important to emphasise that the 

LCO
2
 procedure demanded the usage of only 

one laundering agent (4 ml/l CO
2
), while the 

chemo-thermal procedure required a detergent, 

builder, tenside, and disinfection and neutralis-

ing agents (15.30 ml/kg of textiles).

One important advantage of the one-bath 

LCO2 procedure is the fact that the treatment 

was performed without the presence of water, 

unlike the chemical-thermal disinfection laun-

dry process, which is based on a water bath. Al-

though the study researched the disinfection ef-

fect of the water and LCO2 disinfections of 

textile bioindicators [70], unlike Cinquenami 

[31], no signi$cant increases were found in the 

levels of microorganisms; therefore, water was 

excluded from the LCO
2
 laundering procedure. 

�e water was also connected to the fact that 

a!er the chemo-thermal procedure, the laun-

dered textiles needed to be dried (35% pick-up), 

which prolonged the treatment time and used 

up extra energy for the residue water evapora-

tion. In contrast, a!er the $nished LCO
2
 laun-
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dering procedure, the textile bioindicators were 

dry to the touch; thus, additional drying was 

unnecessary.

Previous conclusions relating to water, ener-

gy demand and treatment time pointed out 

the same trend during the analysis of gas emis-

sions caused by investigated disinfection laun-

dering procedures. When comparing the results 

for GHG emissions with those emissions, caus-

ing global warming and acidi$cation (cf. Ta-

bles 9 and 10), their diversity and signi$cance 

could easily be seen among the member states 

of the ACCEPT research project. �e great dif-

ference in CO
2 

emissions (cf. Table 9) was no-

ticeable as caused by the performance of the 

chemo-thermal laundering procedure in Swe-

den (37.56 g CO
2
/kg of textiles) and the Nether-

lands (253.41 g CO
2
/kg of textiles), while in the 

EU27, the average is 195.39 g CO
2
/kg of tex-

tiles. Slovenia is with 202.80 g CO
2
/kg of tex-

tiles among the states with the lowest CO
2
 emis-

sions, which does not apply to the emissions 

of NO
2
 (140.28 g NO

2
/kg of textiles) and CH

4
 

(13.41 g CH
4
/kg of textiles), which are higher 

than in other states and than the EU27 average 

(109.10 g NO
2
/kg of textiles, 9.47 g CH

4
/kg of 

textiles). �is fact also applies to GHG and the 

emissions of acidi$cation into the environment 

for the one-bath LCO
2
 disinfection laundering 

procedure (cf. Table 10). �us, it is important to 

draw attention to the fact that the GHG emis-

sions are by 75.26% lower for the LCO
2
 proce-

dure than the emissions from the chemo-ther-

mal disinfection laundering procedure. �ese 

deviations between the same gas emissions in 

di�erent countries are caused by the quantity 

of primary sources present for electricity pro-

duction, which vary from country to country. 

�e structures of primary sources for electricity 

generation and with them the related gas emis-

sions for a wide-range of countries are integral 

parts of the LCA JRC ELCD Database II meth-

odology [66]. �e data in Table 11 show the ev-

ident diversity among the countries regarding 

their structures of conventional and renewable 

sources for electricity production. According to 

the data from the year 2002, the usage of coal 

during the electricity generation is the lowest 

in Sweden (1.60%) and the highest in Germa-

ny (49.80%), followed by Slovenia with 36.08%. 
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Proc. Natl. Acad. Sci. USA

-
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ring – Methods of preparation and use of unsoiled cotton control 
cloth

. E#cient cleaning of soils and pathogens with 
LCO

2
 treatment : research report -
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Tehnična dokumentacija, Messer Slovenija, podjetje za proizvo-
dnjo in distribucijo tehničnih plinov d. o. o. -

 -
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�e displayed data show that the production of 

electricity in Slovenia is above the EU27 aver-

age when exploiting nuclear fuel and hydro-

power, and below the EU27 average regarding 

the renewable energy through wind and so-

lar energy, biomass and biogas. It should also 

be noted that in the published annual reports 

[65, 71], the reductions in GHG emissions are 

shown.

�e structures of conventional and renewable 

sources for electricity production are re%ected 

in the GWP and AP indicators caused by com-

paring the disinfection laundering procedures 

of textiles. Table 12 shows that the chemo-ther-

mal disinfection procedures performed in dif-

ferent countries give the lowest GWP
100

 and AP 

indicators in Sweden (52.58 g CO
2
 eq/kg of tex-

tiles, 0.04 g SO
2
 eq/kg of textiles) and the high-

est in Slovenia (356.49 CO
2
 eq/kg of textiles, 

4.38 SO
2
 eq/kg of textiles), while the EU27 av-

erage for GWP
100

 is 313.95 CO
2
 eq/kg of textiles 

and for AP 1.12 SO
2
 eq/kg of textiles. �e en-

vironmental impact assessment re%ects the fact 

that the GWP
100

 and AP indicators for the one-

bath LCO
2
 disinfection laundering procedure 

are four times lower compared to the classical 

chemo-thermal procedure.

4 Conclusions

�ere is almost no human activity which does 

not create emissions of GHG, which result in 

the climate changes, re%ecting in the rise of av-

erage global temperatures, increase in the av-

erage amount of precipitation, sea level rises, 

shrinking glaciers and occurrences of extreme 

weather events. �e fact causing the most con-

cern is that the concentrations of GHG in the 

air, caused by human activities, are increasing 

much faster than in a natural way [52]. �e de-

velopment of economic and environmental pro-

tection is based on the replacement of existing 

products and by developing new technologies 

on the exchange of fuels and raw materials, re-

garding a sustainable production and energy 

consumption [72].

�e results from this study show that inad-

equate qualities of laundering wastewaters 

greatly burden the environment. �e same ef-

fects on the environment are caused by their en-
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ergy requirements. �e required cleaning and 

disinfection e�ects need a high input of electri-

cal energy, which is negatively re%ected in high 

global warming and acidi$cation potential fac-

tors. Alongside the classical procedure, there is 

a newly developed one-bath LCO
2
 disinfection 

laundering procedure for hospital textiles. In 

this paper, with the help of LCA, it was estab-

lished that the one-bath LCO
2
 procedure meets 

the environmental expectations. �e required 

reductions in microorganisms, treatment with-

out the presence of water, and important lower 

amounts of consumed electricity and the laun-

dering agent were achieved, all of which con-

tribute to a reduction in energy and low envi-

ronmental impacts, with low emissions of GHG 

and acidi$cation gases.

Despite the achieved progress, the LCO
2
 tech-

nology could in the $eld of disinfection be clas-

si$ed among new textile care technologies. 

However, the cleansing e#ciency improvement 

[73], the development of new detergents and 

additives, robust equipment and high invest-

ment costs are just some of the faults that re-

quire further research and development and 

obstruct the substitution of classical dry and 

wet procedures with the LCO
2
 cleansing and 

disinfection procedures for textiles.
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