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Abstract: The priority during an emergency, regardless of the type, is to rescue as many lives as
possible. Field hospitals are usually installed to provide the primary relief to the affected population
when hospitals are compromised or absent. There are several sanitary units worldwide ready to
be transported to disaster areas. An average field hospital is equipped with an operating room,
laboratory, and radiological equipment, but it does not include a unit for the infectious hospital solid
waste treatment, which results in improper management with high infection risks and emissions
due to incorrect operations (e.g., open incineration). Therefore, the present study identified two
market-available solutions (an incinerator and a sterilizer) designed to be transported even under the
challenging conditions typical of disasters and are suitable for treating infectious waste. The systems
were assessed by a life cycle assessment (LCA), proving an emission savings >90% (considering all
impact categories) using the sterilization system. The avoided combustion allows to halve the effect
on climate change due to a portable incinerator. This study supplies interesting food for thought for
the emergency managers, proving the possibility of integrating the sustainability also in the planning
of the response to catastrophic events.

Keywords: LCA; emergency waste; field hospital; sterilizer

1. Introduction

Humanity has always faced different kinds of emergencies with the greatest challenges
of the identification of the most effective management strategy. In the past, these events
have included natural phenomena, such as floods, earthquakes, and volcanic eruptions.
After the industrial revolution, they also included events resulting from human activities,
like major industrial accidents, which are known as NaTechs (Natural Hazards Triggering
Technological Accidents) [1]. Emergency management consists of four phases: mitigation
and preparedness, which take place before the emergency to identify risks and vulnerabili-
ties; and response and recovery, which occur during and after the emergency. Managing
disasters is a social process that requires the involvement of various stakeholders, such
as technical experts and citizens. In a rapidly changing world, successfully and sustain-
ably addressing emergencies depends on effective planning, long-term vision, and the
ability to connect the different elements of emergency response into clear and coordinated
strategies [2,3].

During an emergency (irrespective of the typology), the preservation of human life
has priority, and health facilities play an essential role. However, these facilities are often
compromised or completely absent (in poor and underdeveloped countries), and field
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hospitals are the recommended solutions. They are constituted after the disasters with
the aim of providing safe healthcare services to disaster victims and the continuation
of treatment of hospitalized patients temporarily in pre-determined, safe areas close to
the existing hospitals [4]. These temporary units are composed of containers, tents, and
inflatable modules, and they have at least ten beds, an operating room, a basic laboratory,
and mobile radiological equipment [4,5]. The field hospital must meet critical criteria, such
as energy independence and self-sufficiency in the resulting waste management [4]. The
healthcare waste category is added to the other types of waste inevitably generated after a
disaster (e.g., masonry materials, asbestos, metals, vegetation waste, soils and sediments,
vehicles or ships). Such waste often affects the response and recovery activities during
an emergency (e.g., debris or waste can obstruct rescuers and emergency services from
reaching survivors) [6]. Furthermore, waste causes potential risks for public health: for
example, organic waste and stagnant water pools can trigger disease-carrying vectors,
which are commonly communicable, especially when there are large numbers of displaced
people [7]. It is evident that inadequate waste management can have an immediate impact,
but it also results in slow and costly recovery with long-term effects [8]. However, due to
operative issues, inadequate coordination between responsible government departments,
lack of stakeholder engagement and, most notably, insufficient financial and technical
capacity often occur [9]. The challenging management of infectious hospital solid waste is
linked to its composition, which includes the following:

e Infectious waste, resulting from the contact with any biological fluids secreted or
excreted by an isolated patient;

e  Sharp objects, such as needles, syringes, single-use scalpels, always considered poten-
tially hazardous, both used and not;

e  Pharmaceutical waste, including antibiotics and antifungals, as well as expired drugs
or items contaminated with pharmaceuticals;

e  Chemical waste, mainly from diagnostic and radiology labs, including washing solu-
tions, solvent mixtures, and reagents;
Heavy metals, highly toxic (e.g., Hg);
Pressurized containers, which could explode if incinerated or punctured;
Radioactive hospital waste from the preparation and administration of radiopharma-
ceuticals or laboratories [10].

The heterogeneous composition and the presence of hazardous microorganisms,
pathogens, drugs and sharp objects, potentially leading to infections among healthcare
workers, make the management of infectious hospital solid waste-handling systems an
hot topic [11]. This is also confirmed by the WHO, which estimates that contaminated
needle injections cause 21 million hepatitis B infections, 2 million hepatitis C infections,
and 260,000 HIV infections [10].

Worldwide, there are no specific guidelines or protocols for healthcare waste manage-
ment (or they are too general), and the standardization of a method is primary.

The technologies that are commonly used for the healthcare waste, in peacetime,
are heating, disinfection and chemical approaches [12]. On the final disposal basis, the
waste is pre-treated by mechanical operations, such as shredding, pelletizing, crushing,
grinding, solid-liquid separation, and mixing. These steps aim at the reduction of waste
volume (up to 80%) and dimension to increase the specific surface area of the solid portion,
promoting further chemical or thermal treatments [8]. Thereafter, the waste is incinerated
or co-incinerated to completely destroy pathogens and further reduce the material volume
and amount, since only the resulting ash needs to be disposed of [10]. In the absence of
incineration facilities (a common condition during emergencies), the infectious waste is
often stored and burned in open dumps with environmental, social and health effects [10,13].
As an alternative, portable incinerators are confined systems that are designed to be
transportable by truck, ship, or airplane. Knowledge about portable systems is very limited,
unlike large-scale incinerators, particularly concerning emissions and the resulting human
and environmental exposure, even if their use is well documented [13-16]. A recent study
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on mobile incinerators, carried out during the COVID-19 period in China, emphasized
the virus elimination capability achieved by a mobile incinerator combined with a waste
weight reduction by 95% [14]. The benefit of these devices is evident; however, they
produce significant gas pollutants, including dioxins and furans, during their operation,
since they are not equipped by effective emission containment systems, which is crucial to
reduce the impacts on both the environment and human health [15,16].

As an alternative to heat treatment, there are technologies designed for the temporary
storage and treatment of infectious waste and for minimizing the transmission of pathogens
among waste handlers, steam disinfection and chemical treatments. Steam-based treat-
ments, such as autoclaving and microwaving, sterilize highly infectious and sharp waste by
exposure to moist heat and steam. Sterilization is able to eliminate all forms of sporogenous
and non-sporogenous living organisms by operating temperatures between 121 and 135 °C
(on technology bases) with the required time varying from 30-40 min to 2.5 h. This method
needs significant amounts of energy and generates toxic and odorous gases and liquids,
necessitating additional purification treatments to prevent the release into the air [11,17].
On the other hand, chemical treatments involve the use of disinfectants, ozone, and alkaline
hydrolysis, which reduce the pathogenic microorganisms [10,18].

Despite many technologies being described in the literature from a technical point of
view, poor information is related to the sustainability aspects.

In this regard, the life cycle assessment (LCA) methodology was identified as the best
tool to evaluate the management of infectious solid waste during an emergency, particularly
in situations requiring the installation of a field hospital. The analysis, able to include all
the steps of life cycle, allowing a long-term perspective [19], considered two scenarios: the
use of a portable incinerator and a portable sterilizer (both technologies are on the market).

Given the significant challenge of managing waste in a field hospital, the present paper
aims to be a supporting tool for the strategic and sustainable planning of integrated waste
management in an emergency context.

2. Materials and Methods
2.1. Technological Devices for Infectious Hospital Waste Management

This section describes the systems selected for the constructed scenarios: a portable
incineration system, on the American market, and the Italian Sanifyco 19 NW5 designed
for waste sterilization [20]. The choice was due to logistical factors since both the selected
devices are transportable by air or sea, and they have proper size, weight, and volume,
which are conditions necessary for transportation.

2.1.1. Portable Incinerator

The selected system is a portable cyclonic incinerator manufactured by an Ameri-
can company. It allows the material combustion, disintegrating waste materials to ash
residue ranging from 3% (if only pharmaceuticals or documents are present) to 20% (for
average hospital waste). It is a batch-loading system, powered by wood or coal, where the
introduced material is quickly eliminated. Waste is supplied to the incinerator through an
Easy-Feed cartridge once the fire has been ignited inside the drum. High-speed electric
fans create an intense heat cyclone that reduces the burnt material to a small pile of ash
with reduced atmospheric emissions. The device initially releases smoke due to wood
combustion and produces particles from the incineration process.

2.1.2. Portable Sterilizer

SANIFYCO 19 NW5 is a preassembled unit used to treat both solid (patented Frictional
Heat Treatment [21]) and liquid sanitary waste (patented Safe Water Treatment process)
during emergencies, aiming to prevent the spread of pathogens. It consists of a container,
housing a machine to treat solid infectious hospital waste (NW5 or NW15), and a second
container for the infectious sewage water treatment (SWT) (not included in this study).
Each container is equipped with electrical and water supply connections and necessary
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pipes for loading/unloading. The output is non-infectious and comparable to common
urban waste. The process covered in this study is the Newster Frictional Heat Treatment,
which takes place in a closed sterilization chamber under negative pressure, ensuring no
risks for both environment and operator.

2.2. The System Boundaries

The functional unit considered for this analysis is 1 kg of an average infectious hospital
solid waste from a field hospital. The scenarios assessed include the use of the portable in-
cinerator (scenario 1) and the NWS5 sterilizer (scenario 2). The system boundaries (Figure 1)
establish the process units to be included in the analysis, defining the input and output
flows in agreement with the material and energy balances.
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Figure 1. System boundaries.

This study only considers solid waste, so the liquid waste flow was excluded from the
system boundaries. For the same reason, the kit necessary for wet waste treatment in the
portable incinerator was not included within the assessment.

2.3. Life Cycle Inventory

Table 1 shows the life cycle inventory, including the mass and energy balances re-
lated to heat (scenario 1) and sterilization (scenario 2) treatments, to be translated into
environmental burdens in the further impact assessment.

In agreement with the device description, we assumed a waste treatment cycle using
the portable incinerator (scenario 1) of 45 min. The waste is supplied by a special cartridge
once combustion begins. The resulting products are ashes, emissions, and consumables
(able to ensure the equipment maintenance). A quantity of ash equal to 20% by weight of
the input waste is assumed. The air emissions of the incinerator were estimated according
to the literature, considering the absence of a structured abatement system [22]. Scenario 2
involves the use of a NW5 sterilization unit with a treatment cycle lasting 30 min based
on the manufacturer guidelines [23]. In this treatment, the waste enters the system, is
shredded, and then brought to a temperature of 150 °C, resulting in a dehydrated product.
Emissions are not considered in scenario 2, since the entire treatment occurs in water, and
the evaluation of emission parameters complies with the strict Italian legal limits [24].
Cast iron, steel, paper, copper, rubber, and silicone are consumable materials used in
both devices. Their consumption was estimated by the manufacturing company of the
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sterilizer, and it was assumed to be the same for both devices. The CO, emissions from
coal combustion were calculated in agreement with the factors estimated by Ministry of the
Environment and Energy Security (ISPRA), i.e., 2.5 kg CO,/kg of coal [25]. On the other
hand, the emissions resulting from solid waste combustion were estimated in agreement
with the European Environment Agency, and they are reported in the Supplementary
Materials (Table S1) [22].

Table 1. Life cycle inventory (functional unit 1 kg of infectious hospital solid waste).

Scenario 1 Scenario 2
Input
Fuel (coal) (g) 820 -
Electricity (KWh) 0.04 0.63
Water supply (g) - 3500
Cast iron (g) 1.8 1.8
Steel (g) 3.6 3.6
Paper (g) 0.013 0.013
Copper (g) 0.035 0.035
Rubber (g) 0.040 0.040
Silicone (g) 0.026 0.026
Output
Solid residue in landfill/ash (g) 200 800
CO; emission (g) 1.1 -
CO; emission from fuel (g) 2100 -
Consumables (g) 34 34
Aqueous sewage in sewer (g) - 3700

2.4. Software and Methods

The LCA was performed in accordance with ISO standards 14040 and 14044:2006 [26,27].
The software LCA (10.9.0.31) for expert by Shera and the related database (My Professional
Database 2024.2) [28] were used for the production processes of energy and raw materials
and the quantification of the environmental burdens of the considered scenarios.

The impacts were quantified in agreement with the most recent method Environmental
Footprint 3.0, covering the classification, characterization, normalization, and weighting
phases. This method is based on 16 impact categories that quantify effects on the envi-
ronment issues (8 categories: acidification [mole of H+ eq.], climate change [kg CO2 eq.],
ecotoxicity freshwater [CTUe], eutrophication freshwater [kg P eq], eutrophication marine
[kg N eq.], eutrophication terrestrial [mole of N eq.], ozone depletion [kg C-11 eq.]); human
health (4 categories: human toxicity, cancer and non-cancer [CTUh], ionizing radiation,
human health [Bq U235 eq.], particulate matter [g PM2.5 eq.], photochemical ozone for-
mation [kg NMVOC eq.]), and resource depletion (4 categories: land use [C deficit eq.],
resource use, fossils [kg Sb eq.], resource use, mineral and metals [kg Sb eq.], water use
[m3 eq.]), with the aim of including the broadest spectrum of issues potentially caused by
each supply chain. Normalization and weighting were performed in agreement with the
same method EF 3.0. The results were expressed in person equivalent (i.e., the average
number of European citizens that generate the same impact in a year in terms of impacts
from global to local as well resource consumptions) [29].

3. Results and Discussion

The results are divided into “classification and characterization”, which analyzes all
environmental aspects in detail, and “normalization and weighting”, which provides an
overall view of the sustainability of the two scenarios.



Environments 2024, 11, 284

6 of 10

4x107

3x107?

2x10%

10

1x10%

0

3.1. Classification and Characterization

Figure 3 reports that the incinerator is the worst scenario in more than 60% of the 16
considered categories. This outcome is justified by two main issues: the combustion of
infectious hospital solid waste and the use of coal as fuel. Indeed, following the life cycle
principle, all the aspects of the coal use were included in the analysis: from the extraction
to the process production. In this regard, the main effects can be seen in the categories
of freshwater ecotoxicity (Figure 3C), land use (Figure 3]), particulate matter (Figure 3L)
and resource use fossil (Figure 3N). The incineration represents a significant burden in
categories such as climate change (about 80% of the whole impact) due to the burning of
fossil fuels (coal) and waste, which inevitably releases carbon dioxide, nitrogen oxides, and
sulfur oxides—all contributors to global warming (Figure 3B). On the other hand, the health
effects (Figure 3G,H) are mainly connected to toxic gases, such as carbon monoxide, which
can cause symptoms like headache and disorientation, and sulfur dioxide, which irritates
the eyes and upper respiratory tract [30]. On the other hand, the possible incomplete
combustion of material and its composition justify the carcinogenic effects [31].

Although the incinerator is the worst scenario in many of the considered impact
categories, the sterilizer also shows issues, mainly in the aspects of ionizing radiation
(Figure 3I), mineral and metal use (20), land use (2]), and ozone layer depletion (2K). For
all these aspects, electricity consumption (necessary to guarantee the equipment operation)
represents the greatest criticality. The burden due to energy supply is linked to the specific
national grid mix, and so it varies based on the country where the equipment is installed.
The average European energy mix (nuclear and natural gas as main resources, respectively,
24% and 22% of the whole mix) was used for the present study, explaining the effect on the
ionizing radiation category. Indeed, this category is connected to the production of radionu-
clides (potentially toxic for humans) resulting from both the nuclear energy production
and the mineral oil and gas extraction, which were used as energy carriers [32-34].

A small percentage of the impact (variable on the impact category basis) is attributable
to the disposal of the resulting waste in landfilling sites. This contribution, highlighted
in the categories of climate change and eutrophication freshwater, is mainly attributed to
scenario 2, since NW5 allows a waste amount reduction of 20% compared to the incinerator,
and it is able to reduce it by 80% due to the combustion process. The results in the water
use category (Figure 3P, which favors the incineration) are explained by the water demand
of the sterilizer.
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25
m water
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landfilling
1 electricity
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Figure 2. Cont.
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Figure 3. Results of classification and characterization, in the categories of (A) acidification; (B) climate
change; (C) ecotoxicity, freshwater; (D) eutrophication, freshwater; (E) eutrophication, marine;
(F) eutrophication, terrestrial; (G) human toxicity, non-cancer; (H) human toxicity, cancer; (I) ionizing
radiation, human health; (J) land use; (K) ozone depletion; (L) particulate matter; (M) photochemical
ozone formation, human health; (N) resource use, fossils; (O) resource use, minerals and metals;
(P) water use. “Fuel” means coal (production and refining of the necessary quantity), chosen as fuel
within the incinerator and “combustion” means the process of incineration of both waste and coal.
Functional unit: 1 kg of an average infectious hospital solid waste from a field hospital.

3.2. Normalization and Weighting

Normalization and weighting phases, which provide synthetic indexes to compare
the different impact categories, were useful to gain a more general overview of the results.
In this regard, Figure 4 shows the results for the two considered scenarios, which
were expressed in person-equivalents (p.e.). This chart supports the interpretation of
classification and characterization in most categories: the use of the incinerator device is
less sustainable than the sterilization, primarily due to the significant emissions caused
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by waste and coal combustion, in the absence of an efficient emission retention system.
Although in the classification and characterization phases, some impacts were higher for
the sterilizer, the weighting applied during this phase of the analysis led to a flattening of
the sterilizer’s graph to the detriment of the incinerator.

Normalization and weighting (p.e.)

" ' ® EF 3.0 Climate Change - total
~.4 m EF 3.0 Human toxicity, cancer - total
—
4 ® EF 3.0 Human toxicity, non-cancer -
7 total
/

= EF 3.0 Resource use, fossils

25x103

2.0x 107

1.5x 103

1.0x 103

5.0x 10+

0.0

incinerator

sterilizer
M consumables in entrance M fuels W electricity

water o landfilling ® combustion
W consumables in exit

Figure 4. Results of normalization and weighting steps, comparison between the two considered
scenarios. The pie charts show the contributions on the impact categories (the chart legend reports
only the categories with percentages greater than 5%).

The weighting indexes used in the present paper are recommended by EF 3.0, and
they considered the magnitude of the considered environmental issues. For example, the
weighting factor of climate change is around three times higher than that of land use, so
the result in Figure 3B has more relevance than that described in Figure 3]. This method
aims at creating a priority scale in sustainability actions rather than underestimating some
environmental issues. The pie charts on the top of Figure 4 describe the contribution of all
the impact categories on the normalized and weighted results (2.4 x 1073 p.e. for scenario
l-incinerator and 4.3 x 10~° p.e. for scenario 2-sterilizer). The human toxicity results are
the most affected by incineration (more than 90%, considering both cancer and non-cancer
effects). On the other hand, the most relevant impact of sterilizer is on climate change, 52%
of the whole impact, which is mainly linked to electricity demand and the final disposal in
landfilling site of the resulting solid waste.

4. Conclusions

The current increase in extreme phenomena worldwide has made emergency planning
increasingly important. It is evident that each event has its peculiarity; however, the instal-
lation of a field hospital is necessary to increase the number of saved human lives. There
are several examples of well-structured mobile hospital units worldwide; however, the
aspect of sanitary waste management is always underestimated. In this context, the present
paper aimed at providing a solution able to fit both the technical needs and sustainability
target. Concerning the technical aspects, both solutions are designed to be transportable by
truck, ship, or airplane, and they do not present limitations related to policy restrictions. As
regards the sustainability, the standardized LCA method estimated the impacts related to
the whole life of the two considered options. The results proved a whole impact reduction
higher than 90% achieved by the sterilizer despite its lower capacity to reduce the waste
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amount. The avoided combustion and the avoided use of coal as fuel allow to halve the
effect on climate change resulting from the incinerator use, for instance. The achievements
are affected by a variability mainly linked to the supplied grid mix (based on the country
where the emergency takes place). However, they represent an important guide for the
policymakers involved in emergency management.

Indeed, the present paper represents a real innovation, since it was able to integrate the
environmental sustainability in the emergency planning sector, where often the long-term
effects (for both human and environmental health) are neglected.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/environments11120284/s1, Table S1: Emissions from incinerators
without abatement systems.
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