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Abstract Climate change is a growing threat for
human health and well-being, one that will seriously
impact and potentially disrupt all economic sec-
tors and supply chains, such as trade, tourism, agri-
culture, forestry, and fisheries. The environmental
impact of the delivery of medical and hospital care,
which generates its own greenhouse gas emissions,
needs to be examined and analyzed in detail in order
to design and implement effective mitigation actions
and measures. Hospital internal energy use processes
include the energy consumed for hospital operation,
such as lighting, heating, cooking, waste treatment,
and other functions associated with the logistical and
operational support of hospitals. The present research
work, which follows the assessment undertaken in a
previous study of the transport activities of the 401
Military General Hospital of Athens (401 MGHA),
focuses on the carbon footprint of the stationary
emission sources of the 401 MGHA; it serves as a
second step in the development of an action plan for
the mitigation of greenhouse gas emissions in the

V. Bozoudis - I. Sebos (<) - A. Tsakanikas

School of Chemical Engineering, National Technical
University of Athens, Zografou Campus, 9 Heroon
Polytechniou Street, 15780 Zografou, Greece
e-mail: isebos @mail.ntua.gr

V. Bozoudis
e-mail: v.n.bozoudis @army.gr

A. Tsakanikas
e-mail: atsaka@central.ntua.gr

Published online: 24 February 2022

hospital-based health care of the Hellenic (Greek)
Army. A portfolio of energy saving and emission
reduction actions is proposed and mapped accord-
ing to their abatement cost and greenhouse gas
(GHG) reduction potential. The highest decrease of
GHG emissions is expected to be materialized by
the decarbonization of the Greek power sector due to
the lignite phase-out and increased share of low car-
bon fuels and renewable energy sources. Significant
emission reduction potential could also be achieved
by the replacement of face-to-face hospital visits
by telemedicine, primarily by reducing transport-
associated emissions. Furthermore, a number of key
performance indicators (KPI) are proposed as simple
and easily monitored metrics of the hospital’s perfor-
mance towards its sustainable low carbon objectives.
Specific KPIs per mitigation action are presented, as
well as a general KPI that covers all mitigation actions
and sources of emissions in the form of “tCO,eq per
patient” or “tCO,eq per hospitalization day.”

Keywords Carbon footprint - Climate change -
Mitigation action plan - Greenhouse gas emissions -
Hospital-based health care - Stationary emission
sources - Key performance indicators

Introduction

Driven by man-made greenhouse gas (GHG) emis-
sions, climate change is the greatest threat humanity
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is facing today, while its effects are anticipated to
worsen in the decades to come (IPCC, 2021). Scien-
tists and analysts have cautioned that global warm-
ing is a future national security concern for human-
ity (Ostad-Ali-Askari et al., 2020; Talebmorad et al.,
2021; Javadinejad et al., 2021). The main GHG in
the Earth’s atmosphere are carbon dioxide (CO,),
methane (CH4), ozone (O3), water vapor, nitrous
oxide (N20), and fluorinated gases. All these gase-
ous compounds are capable of absorbing and emit-
ting infrared radiation, trapping heat in the lower
atmosphere, while simultaneously allow an amount
of heat to return back to space. In order to reduce
emissions of the seven GHG covered by the United
Nations Framework Convention on Climate Change
(UNFCCC), which have been recognized as the prime
manmade cause of global climate change (CO,, CH4,
N20, hydrofluorocarbons (HFCs), perfluorocarbons
(PFCs), Sulfur hexafluoride (SF6) and nitrogen trif-
luoride (NF3)), all nations have to develop environ-
mentally friendly regulations, aiming to limit the
increase of global average temperature. Based on the
Paris Agreement, the 193 Parties that signed it have
committed to report their national GHG emissions to
UNFCCC and submit Nationally Determined Con-
tributions (NDC) that they intend to achieve in the
future years. Climate plans for reducing GHG emis-
sions need to limit temperature rise to 1.5 °C, taking
into consideration the financial and industrial circum-
stances of each country (UNFCCC, 2015).

The health care sector is a significant source of
greenhouse gas (GHG) emissions and other pollut-
ants (Dacones et al., 2021). Hospital-based health
care is an energy-intensive sector that generates
large quantities of GHG emissions. Hospitals gener-
ate and release GHG emissions in a variety of ways,
including the transportation footprint from commut-
ing employees and fleet management (Bozoudis &
Sebos, 2021), the energy consumed for heating and
cooling of the buildings, medical electronic devices
and laboratory equipment, laundries, food prepara-
tion and cooking, and waste management and dis-
posal. Hospitals and labs produce more than 5 mil-
lion tons of waste annually, and emit 2 gigatons of
CO, each year, 4.4% of the world’s net GHG emis-
sions (Budd, 2019). Despite the magnitude of health
care resource use and associated emissions, there
has been insufficient research into its environmen-
tal sustainability. The overarching principles and
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validated methodologies of sustainability science
could be applied to the health sector, in order to
critically assess the ways in which the current pro-
vision of health care creates emissions that under-
mine the health and well-being of current and future
generations and to propose actions for their abate-
ment (Sherman et al., 2019).

The UK’s health care sector spends more than £400
million per year on energy, and the National Health
Service (NHS) is responsible for 25% of all UK pub-
lic sector emissions. The estimated carbon footprint
of the NHS UK was 25.0 megatons of CO,eq in 2019
(Purohit et al., 2021). In the USA, the health care sys-
tem generates 8-10% of country’s GHG emissions
(MacNeil et al., 2017; Eckelman & Sherman, 2016).
The USA is the world’s highest emitter of health sec-
tor GHG, accounting for 27% of the global health sec-
tor carbon footprint. The US health care sector GHG
emissions rose by 6% from 2010 to 2018, reaching
1692 kg per capita in 2018. (Eckelman et al., 2020).

The carbon footprint (CF) is the total GHG emis-
sions that are produced by a country, a person, an
organization, etc., over a specific period of time, indi-
cated as carbon dioxide equivalent (CO,eq) (Holmner
et al., 2014). The decrease of the carbon footprint of
large-scale organizations such as big hospitals could
be considered a necessity for mitigating climate change
(Karliner et al., 2019). According to the Health Care
Without Harm (HCWH) non-profit coalition of hos-
pitals, more than half of the health sector’s CF comes
from energy use, when measured across all the emis-
sion categories (scopes) of the GHG Protocol (HCWH,
2019). The Scope 1 GHG sources account for all direct
emissions, including the health care facilities and health
care owned vehicles that make up 17% of the sector’s
worldwide footprint. Scope 2 is the indirect emissions
from purchased energy sources used by the health care
organization, such as electricity, steam, cooling, and
heating, comprising another 12% of the total CF. Scope
3 (all other indirect emissions) usually includes the
greatest share of the carbon footprint, which is derived
from the health care supply chain through the produc-
tion, transport, and disposal of goods and services (food
and pharmaceuticals supplies, medical devices, hospi-
tal equipment, etc.). In accordance with the Intergov-
ernmental Panel on Climate Change (IPCC) reports
(IPCC, 2018), health care administrators should work
with their suppliers in order to achieve “net zero” emis-
sions by 2050 or before.
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The total GHG emissions of Greece were 85,631
kt CO,eq in 2019, and the GHG emissions per capita
were about 7.98 tons CO,eq per capita (Sebos et al.,
2016; EEA, 2020). Nevertheless, despite the signifi-
cance of hospital-based health care GHG emissions and
their increasing trend (Dacones et al., 2021, Eckelman
et al., 2020), there are no comprehensive studies in the
scientific and other technical literature to measure and
assess the contribution of the Greek health care sector
to the country’s national emissions. It is also necessary
to develop action plans to mitigate emissions from the
health care sector, in order to be in line with the overall
national strategy targeting climate-neutrality by mid-
century, and standardized metrics and protocols are
needed to define environmental performance and moni-
tor progress (Sherman et al., 2019).

The objective of this article is to create the necessary
framework in terms of GHG accounting methodolo-
gies, activity data, baseline emissions, portfolio of miti-
gation actions, and standardized metrics for tracking
progress, required for the development of an action plan
for the reduction of GHG emissions in the hospital-
based military health care. The carbon footprint of the
401 Military General Hospital of Athens (401 MGHA,
Greece), the largest military hospital of Greece, is esti-
mated for the first time. The analysis of GHG emissions
and relative activity data is done between January and
December 2018. Based on this analysis, Key Perfor-
mance Indicators (KPIs) are proposed as simple metrics
for the evaluation of the hospital’s performance in rela-
tion to a portfolio of GHG mitigation actions, and the
achievement of its low carbon and sustainability objec-
tives. In addition, a mapping of the proposed GHG mit-
igation actions is made with respect to their abatement
cost in relation to their GHG reduction potential. This
mapping could facilitate the selection of and investment
decisions about actions to reduce the GHG emissions
of the health care sector.

Case study

The 401 military general hospital of athens (401
MGHA)

The 401 Military General Hospital of Athens (401
MGHA) is the largest military hospital of the Hel-
lenic (Greek) Army. It has a capacity of 550 beds for
patients and up to 1000 personnel, both military and

civilians, and is located at Katehaki Avenue in Athens,
Greece, since 1971. It was founded in 1904 as one of
the biggest health care services in Greece. The mili-
tary doctors and nurses of the 401 MGHA are among
the best professionals in the Greek health care sector.
In 2018, 16,000 patients were hospitalized, and
230,000 patients visited the hospital (630 visits
daily on average). The 401 MGHA is also a medical
research center with engagement in training activities.
It is also a member of the “IMIHO — Interconnection
of Military Hospitals” portal, a medical information
web exchange among South Eastern Europe military
hospitals that specialize in humanitarian activities.

Carbon footprint calculations

The CF of the energy processes of the 401 MGHA
was estimated based on data for the year 2018. The
carbon footprint was estimated in carbon dioxide
equivalent (CO,eq) units, which describe different
GHGs using a common unit of measure. For any
quantity and type of greenhouse gas, CO,eq signi-
fies the amount of CO, that would have the same
Global Warming Potential (GWP). The GWP of a
GHG indicates the amount of warming a gas causes
over a given period of time, normally 100 years. This
analysis used the GWPs from the Fourth Assessment
Report of Contribution of Working Group I to the
Intergovernmental Panel on Climate Change (IPCC,
2007), which are currently used for reporting national
GHG inventories to UNFCCC.

Energy consumption

Electricity The health care sector consumes sig-
nificant quantities of energy (Eckelman & Sherman,
2016). The electricity consumption of the 401 MGHA
is growing steadily. The total of 8,472,700 kWh pur-
chased electricity in 2018, accounted for over half of
the hospital’s energy costs. With the increased use of
special medical equipment, stationary air condition-
ers, refrigerators, cooking and laundry machines,
and daily usage of 42,000 light bulbs for the artificial
lighting of the buildings (a total area of 95,722 square
meters), all of which rely on electricity, consump-
tion is set to increase. The GHG conversion factor
for 2018 was 0.6227 kg CO,eq/KWh (MEEN, 2020),
and therefore, the total GHG emissions were 5275.3
tCO,eq.
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Fossil fuels The fossil fuel consumption for central
heating and other internal uses is as follows:

a. The natural gas consumption of the 401 MGHA
for the year 2018 was 13,200,000 KWh (or
47.52 TJ). The GHG conversion factor is 55.72
tCO2eq/TJ (MEEN, 2020). The GHG emissions
associated with natural gas were 2647.8 tCO2eq.

b. The diesel oil consumption in 2018 was 22,000 lt.
The GHG conversion factor is 73.78 tCO2eq/TJ,
and the net calorific value is 42.80TJ/kt (MEEN,
2020). The GHG emissions associated with die-
sel were 58.4 tCO2eq.

The total GHG emissions for the year 2018 were
2706.2 tCO,eq.

Fluorinated gases

Fluorinated gases (or f-gases) are a family of syn-
thetic gases containing fluorine. They are powerful
greenhouse gases that trap heat in the atmosphere
and contribute to global warming. Their GWP (please
refer to “Carbon footprint calculations”) may be thou-
sands times higher than CO,, which makes them
the most potent and longest lasting GHG emitted by
human activities. Fluorinated gases are used in prod-
ucts such as refrigerators, air-conditioners, foams,
and aerosol cans. Emissions from these products are
caused by gas leakage during the manufacturing pro-
cess as well as throughout the product’s life. Fluori-
nated gases are also used for the production of metals
and semiconductors (Miillerova et al., 2020; Sebos
et al., 2020). For the estimation of the CF of the 401
MGHA, the GHG emissions from refrigeration and
air-conditioning systems are calculated.

The most common f-gases are hydrofluorocarbons
(HFCs), which contain hydrogen, fluorine, and car-
bon. A large number of blends containing HFCs are
used in refrigeration and air conditioning applica-
tions. GHG emissions associated with f-gases can be
estimated in different ways with varying degrees of
complexity and data intensity. For the case of the CF
of the 401 MGHA, a detailed analysis was performed
and the following data per application were obtained:

e activity data (number of refrigerators, air-conditioning
systems, etc.),
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initial charge and type of refrigerant blend,

type of HFCs used in blends, and

emission factor per application, which is the
annual leakage of refrigerant.

The operating and servicing GHG emissions asso-
ciated to refrigeration and air conditioning appli-
cations was estimated by applying the following
equation:

GHG Emissions(tCO2eq) = AD X M X x X GWP /1000
ey

where:

e AD: activity data (number of refrigerators, air-
conditioning systems, etc.),

e GWP: global warming potential of the HFCs
used in refrigerant blends; e.g., for the case of
HFC134a, GWP is 1430 kgCO2eq/kgHFC134a,

e x: emission factor or product life factor (% of ini-
tial charge per year), and

e M: initial charge.

In the following sections, a detailed analysis of the
calculation of emissions associated with fluorinated
gases is presented for the following applications:

a. Residential/domestic refrigerators,

b. Commercial refrigerators (including food pro-
cessing and cold storage),

c. Residential and commercial air-conditioning, includ-
ing heat pumps, and

d. Chillers.

Residential/domestic refrigerators The 401 MGHA
has approximately 205 domestic refrigerators (small
capacity, lower than 150 It). According to the National
Inventory Report (NIR) of Greece for GHG emissions
(MEEN, 2020), 47% of domestic refrigerators contain
HFC-134a (1,1,1,2-tetrafluoroethane, CH2FCF3), with
a GWP of 1430 kgCO2eq/kgHFC134a, and 53% con-
tain R600a (isobutene, CH(CH3)2 CH3) with a GWP
equals to 3 kgCO2eq/kgR600a. The same allocation
per type of refrigerant is assumed for the 205 domestic
refrigerators of the hospital, i.e., 96 units contain HFC-
134a and 109 units R600a. The operating and servic-
ing GHG emissions associated to domestic refrigerators
were estimated by the application of Eq. (1).
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Based on the NIR of Greece, the emission factor x
is considered to be 0.25% of the initial charge per year
and the initial charge M =0.225 kg (MEEN, 2020).

Therefore:

1. HFC-134a emissions =205 units X47% x0.225
kg HFC134a/unitx0.25% % 1430 (kgCO2eq/kgH-
FC134a)=77.5 kgCO2eq

and

2. R600a emissions=205 units X 53% x 0.225 kg
R6000/unitx0.25% x 3 (kgCO2eq/kgR600a) =0.2
kgCO2eq

The total emissions of the domestic refrigera-
tors for the year 2018 were 77.7 kgCO2eq or 0.0777
tCO2eq.

Commerecial refrigerators (including food process-
ing and cold storage) The 401 MGHA has 20 com-
mercial type food and medicine refrigeration systems,
with medium capacity (between 250-340 1t). These
20 units contain the blended refrigerant R-404A,
which is comprised of HFC-125, HFC-143a, and
HFC-134a (weight ratio: 44/52/4). These HFCs have
different GWPs. The GWP of HFC-125 is 3500, for
HFC-143a is 4470, and for HFC134a is 1430. Based
on the weight ratio of the refrigerant blend and the
GWP of each individual gas, the GWP of the R-404A
is estimated to be 3921.6 kgCO2eq/kg R-404A.

The average initial charge M (kg) of the refrigera-
tors is 13.1 kg, and is calculated based on site activity
data, as follows:

e 1 out of 20 units contains 2 kg refrigerant (5%),

e 11 out of 20 units contain 20 kg refrigerant (55%),

e 8 out of 20 units contain 5 kg refrigerant (the
40%).

The emission factor x (% of initial charge/year)
was obtained from the NIR of Greece, and it is 0.5%
initial charge/year (MEEN, 2020). Taking into con-
sideration the above parameters, the GHG emissions
of the commercial refrigerators were estimated to be
5.1 tCO,eq, by the application of Eq. (1).

Residential and commercial air-conditioning, includ-
ing heat pumps Air conditioning in hospitals accounts

for a large proportion of their electricity consumption.
The 401 MGHA is equipped with 420 stationary air
conditioning 12,000 btu units. These air conditioners
contain the blended refrigerant R-407C, which is com-
prised of HFC-32, HFC-125, and HFC-134a (weight
ratio: 23/25/52). These HFCs have different GWPs:
the GWP of HFC-32 is 675, for HFC-125 is 3500, and
for HFC134a is 1430. Based on the weight ratio of the
refrigerant blend and the GWP of each individual gas,
the GWP of the R-407C is estimated to be 1773.85 kg
CO,eq/kg R-407C.

The average initial charge and emission factor
were obtained from the NIR of Greece. The initial
charge is M= 1.5 kg, and the emission factor x=0.5%
(MEEN, 2020). Taking into consideration the above
parameters, the GHG emissions of the air condition-
ers were estimated to be 5.6 tCO,eq, by the applica-
tion of Eq. (1).

Chillers Eight chillers are installed in the 401
MGHA for the air conditioning of hospital buildings,
as follows:

e 4 units with total initial charge 175 kg of R-407C
(HFC-32/HFC-125/HFC-134a),

e 2 units with total initial charge 50 kg of HFC-
134a, and

e 2 units with total initial charge 200 kg of R-410a
(weight ratio: 50/50 of HFC-32/HFC-125).

Based on the NIR of Greece, the emission factor
for the blend of HFCs is 5% initial charge/year. The
GWP for the R-407C is 1773.25, for HFC-134a is
1430, and for R-410a is 2087.5.

The GHG emissions per refrigerant type are calcu-
lated as follows:

e R-407C emissions=4x 175%x 15% x 1773.25/1000
=186.190 tCO2eq

e HFC-134aemissions =2 x50 % 15% x 1430.00/1000
=21.450 tCO2eq

e R-410a emissions=2x200x% 15% x2087.50/1000
=125.25tCO2eq

The total emissions of the chillers for the 2018
were 332.9 tCO,eq.
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Solid waste disposal

Hospitals produce millions of tons of waste globally.
The hospital waste that is disposed to solid waste dis-
posal sites (SWDS) produces and emits mainly CH4
to the atmosphere (Bakopoulou et al., 2005). The
estimation of the CH4 emissions is calculated by the
application of the First Order Decay methodology
(FOD) (Kallinikos et al., 2016). In particular, a mass
balance approach is used that involves the estimation
of the degradable organic carbon (DOC) content of
the solid waste, and based on this the CH4 emissions
that can be generated by the waste are estimated.

In 2018, the 401 MGHA produced and disposed
of 360 tones (t) municipal solid waste, 113.64 t non-
toxic medical solid waste, and 19.07t of toxic medical
waste, totaling 492.71 t of solid hospital waste. The
CH4 emissions from SWDS for a single year can be
estimated using the equation below (MEEN, 2020):

CH4 emissions = W; X DOC x DOC; X MCF X F

x16/12x (1 - 0X)x (1 -R)
@

where:

e WT is the mass of waste disposed (disaggregated
for paper, food waste and non-food waste) in the
reference year (kt/year).

e DOC is the degradable organic carbon. Based on
the NIR of Greece, the following DOC values
were used: 0.4 for paper, 0.15 for food waste, and
0.2 for non-food waste.

e DOC;is the fraction of the degradable organic car-
bon that decomposes under anaerobic conditions.
It reflects the fact that some degradable organic
carbon does not degrade, or degrades very slowly,
under anaerobic conditions in the SWDS. The
recommended default value for DOC; by IPCC
(IPCC, 2006) is 0.5 (under the assumption that the
SWDS environment is anaerobic as in the case of
Athens SWDS).

e MCF is the methane correction factor. The MCF
for anaerobic decomposition is 1 for managed
SWDS.

e Fis the fraction of CH4 in landfill gas. Most waste
in SWDS generates a gas with approximately 50%
CHA4. Only material including substantial amounts
of fat or oil can generate gas with substantially
more than 50% CH4, which is not the case of
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solid waste from the hospital. Therefore, the use
of the IPCC default value for the fraction of CH4
in landfill gas (0.5) is followed in the calculation
(IPCC, 2006).

e 16/12 is the molecular weight ratio CH4/C.
OX is the oxidation factor. The OX reflects the
amount of CH4 from SWDS that is oxidized in the
soil or other material covering the waste. The use
of the oxidation value of 0.1 is justified for cov-
ered, well-managed SWDS, as in the case of Ath-
ens SWDS, to estimate both diffusion through the
cap and escape by cracks/fissures.

e R is the recovered CH4 (kt/year). Based on the
NIR of Greece, it is 43% for year 2018.

Taking into consideration the above parameters,
we can calculate emissions as follows:

e (CH4 emissions (paper) =0.034 kt/year.
e CH4 emissions (food waste) =0.013 kt/year.
e CH4 emissions (non-food waste)=0.017 kt/year.

The total emissions from the solid hospital wastes
in 2018 were 64.0 tCO,eq.

Results and discussion
Hospital carbon footprint

The carbon footprint of the stationary emission sources
of the 401 Military General Hospital of Athens (401
MGHA) is presented in Table 1.

Electricity consumption constitutes the category
with the highest contribution (62.9%) to the hospital’s
carbon footprint of stationary emission sources, fol-
lowed by fossil fuels with 32.2%.

According to a previous paper by the authors
(Bozoudis & Sebos, 2021), the footprint of transport
activities in 2018 was 1402.0 tCO,eq, and therefore,
the total carbon footprint of the 401 MGHA in 2018
was 9791.2 tCO,eq. The movement of patients to and
from the hospital is the main emission source cate-
gory (85.9% of transport emissions), followed by the
ambulance services with 7.5%. Transport related to
waste disposal and procurement contributes to 3.7%
and 2.4%, respectively, while the share of the staff’s
transportation is limited to 0.5% (Bozoudis & Sebos,
2021).



Environ Monit Assess (2022) 194:221

Page 7of 13 221

Table 1 The carbon footprint of the stationary emission sources
of the 401 Military General Hospital of Athens

Energy usage GHG emissions  Share (%)
(tCO,eq)

Electricity 5275.3 62.9
Fossil fuels 2706.2 322
Refrigerators 52 0.1
Air-conditioning systems 338.5 4.0

Waste disposal 64.0 0.8

Total 8389.2 100

The uncertainty of the estimated carbon footprint
is an essential element of a complete inventory of
greenhouse gas emissions. Uncertainty in emission
estimates is a function of the uncertainty of input
data, i.e., activity or emission factors, used to compile
the inventory. The uncertainty of emission estimates
of the 401 MGHA is expected to be similar to that
of the respective source categories from the national
GHG inventory, given that activity data information
and emission factors from the Greek NIR (MEEN,
2020) were used for the estimation of the CF. It could
be considered that the uncertainty will be even lower
because detailed site-specific activity data was col-
lected and assessed in the analysis of the CF of 401
MGHA.

The uncertainty assessment of the CF is presented
in Table 2. The uncertainty of emission estimates is
around 3.4%, which could be considered satisfac-
tory based on international practice (IPCC, 2006). It
should be noted that the source categories with the
highest uncertainty (i.e., emissions from refrigerators,
air-conditioning systems, and waste disposal) have a
small effect on the overall uncertainty, due to the low
level of emissions from these sources.

Hospital key performance indicator

Climate change is a long-term process. The aim of
the Greek National Energy and Climate Plan (NECP)
is to reduce GHG emissions by 2030 by more than
56% compared to emissions in 2005 (to reach about
60.1 MtCO,eq in 2030) (MEEN, 2019). In 2018, the
GHG total emissions of Greece were 92.3 MtCO,eq.
Therefore, the reduction target of NECP is equivalent
to a reduction target of 35% by 2030 compared to
2018 levels. This is a mid-way target, which is cur-
rently underway, in order to move to a climate neutral
economy by 2050 (MEEN, 2019).

Hospitals require energy in order to remain in
operation on a 24/7 base. Moreover, the GHG emis-
sions from transport activities of the hospitals (the
movement of patients/visitors/staff to and from the
hospital, the ambulance services, etc.) are very high.
The estimation of the GHG emissions in hospitals
would be a feasible starting point (the baseline) to
develop action plans for reducing their energy con-
sumption and operational costs. The calculation of
the hospital’s impact on the environment can be done
by its staff with the support of many available com-
puting tools, as well as easily collected activity data,
needed for validation (Bakopoulou et al., 2005).

The administration of 401 MGHA, by considering
the high energy demand and the annual GHG emis-
sions of the hospital, can develop and implement a
portfolio of energy saving and emission reduction
actions, in order to make the gradual transition to low
carbon energy and transportation possible.

It is recommended to develop and use specific
KPIs as metrics, in order to monitor and annually
evaluate the progress in reducing the carbon footprint
of hospital GHG emissions. Working with this met-
ric, the 401 MGHA Energy Management Team can

Table 2 Uncertainty
assessment of the carbon
footprint of 401 MGHA

Energy usage

GHG emissions

Uncertainty of

Combined uncertainty

(tCO,eq) emission source as % of total emissions
Electricity 5275.3 1% 0.54%
Fossil fuels 2706.2 2% 0.55%
Transport activities 1402.0 2% 0.29%
Refrigerators 5.2 50% 0.03%
Air-conditioning systems 338.5 50% 1.73%
Waste disposal 64.0 40% 0.26%
Total 9791.2 3.39%
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enforce policies and procedures in reducing hospi-
tal GHG emissions by determining what mitigation
actions should be taken. A general KPI, which covers
all mitigation actions and sources of emissions, could
be in the form of “tCO,eq per patient” or “tCO,eq per
hospitalizations’ days.”

Action plan

The total GHG emissions of 401 MGHA in 2018
and the strategic national goal in 2030 are presented
in Table 3. It is assumed that GHG emissions of 401
MGHA in 2030 should be reduced by 35%, similar
to the national target. Therefore, GHG emissions in
2030 should be reduced by about 3400 tCO,eq com-
pared to 2018 levels.

Electricity

Electrification can reduce the hospital’s GHG emis-
sions in the near future, depending on the resources
used by the Greek electrical grid operators. The Euro-
pean Union currently seeks to decarbonize the electric-
ity generation sector and Greece makes great strides in
reducing coal and increasing the amount of electricity
generated by low carbon fuels and renewable resources
(MEEN, 2019; Gonzalez-Sanchez et al., 2020).

Greece has set ambitious GHG mitigation goals for
its power sector (NECP), including the total phase-
out of the lignite-fired plants by 2028 combined with
an increased investment scheme in renewable energy

Table 3 Proposed GHG emission reductions by the year 2030

sources (RES) and broader interventions for more effi-
cient energy usage (Stamopoulos et al., 2021). More
specifically, a critical element in the context of the
NECP is the highly ambitious but realistic program
for sharply and definitively reducing the share of lig-
nite in power generation, i.e., the so-called lignite
phase-out, by putting a complete end to the use of lig-
nite for power generation in Greece by 2028 (MEEN,
2019). This transformation in power generation is
planned to take place through an increasing utiliza-
tion of RES potential of Greece to exceed 60% RES
share in electricity consumption by 2030. In this con-
text specific initiatives are already being promoted and
implemented by the government, e.g., simplifying and
speeding up the licensing framework, ensuring opti-
mal integration of RES in electricity networks, oper-
ating storage systems, and promoting electromobility
(MEEN, 2019, Stamopoulos et al., 2021).

The increase of renewable energy sources and gas-
fired plants, and the shutting down of lignite-fired
power plants in the country by 2028 will have a posi-
tive impact on reducing indirect GHG emissions in
all economic sectors, including the health care sec-
tor. The electricity consumption in the 401 MGHA
in 2018 was 8,472,700 kWh and was responsible for
5275.3 tCO,eq, 53.9% of the hospital’s total GHG
emissions. These GHG emissions will be signifi-
cantly reduced by 2030, because the GHG conversion
factor for 2030 will be reduced to 0.3566 kgCO2eq/
KWh compared to 0.6227 kgCO2eq/KWh in year
2018 (MEEN, 2019). This means that the annual

Transport activities/energy usage GHG emissions Estimated GHG emissions GHG
(tCOeq) in 2018 (tCO,eq) in 2030 (—35%) reduction
(tCO,4eq)
Electricity 5275.3 3428.9 —1846.4
Fossil fuels 2706.2 1759.0 —947.2
Movement of patients to and from the hospital 1204.6 783.0 —421.6
Air-conditioning systems 338.5 220.0 —118.5
Ambulance services 105.4 68.5 -36.9
Solid waste disposal 64.0 41.6 —-224
Vehicles engaged to the disposal of hospital waste 51.2 333 -17.9
Suppliers 34.1 22.1 -119
Staff’s movement 6.7 44 -23
Refrigerators 5.2 34 -1.8
Total 9791.2 6364.2 —3426.9
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GHG emissions from the electricity consumption of
401 MGHA will be significantly reduced during the
following years, because of the diversification of the
energy mix of power sector in Greece. The GHG
emissions will be approximately 3021.4 tCO,eq by
2030 (—2253.9 tCO,eq lesser GHGs), assuming that
the electricity consumption will be the same in 2030
as in 2018.

The 401 MGHA Energy Management Team could
use a simple KPI, i.e., annual electricity consump-
tion and associated GHG emissions, to monitor the
performance on energy savings and relevant avoided
emissions. The electrification of the 95,722 m? hospi-
tal buildings by using existing technologies is a miti-
gation option that will reduce the annual operating
cost of the hospital, too. However, the team should
balance the electricity prices and the available annual
budget with the cost of replacing existing technolo-
gies in the older buildings. The installation of energy
efficient appliances will be more attractive economi-
cally in future new buildings of the 401 MGHA.

There are many other low-cost actions to reduce
emissions and save money by reducing the annual
energy (electricity) costs, improve the energy per-
formance, and restrain the GHG emissions of the
401 MGHA, through efficiency and conservation
measures. This can be done by implementing simple
“green actions” on high-efficiency lighting, switch-
ing computers and medical equipment off when not in
use and educating the staff on how to reduce energy
consumption. A “turn the thermostats down and
light switches off” policy with posters up in the staff
areas and stickers above windows, light switches,
air conditioning, and electricity-consuming medical
equipment can lead to important energy savings and
persuade the employees to participate and be environ-
mentally conscious.

Moreover, the hospital administration should con-
sider installing roof-mounted PV energy systems and/
or parking lot PV canopy installations. This is a long-
term mitigation strategy, in order to set a goal to meet
100% of the hospital’s electricity demand with renew-
able energy, and become a net zero energy hospital by
2030 or sooner.

Fossil fuels

The 401 MGHA uses natural gas for central heating
and other internal uses of the hospital, which, albeit

low carbon, is still a fossil fuel associated with carbon
emissions and other pollutants that can harm human
health. It is cost effective, plentiful, cleaner, and more
efficient than diesel oil but still produces 32.2% of the
GHG emissions of the 401 MGHA.

The hospital’s energy management team can
develop a KPI metric to monitor and evaluate annu-
ally the consumption of natural gas, its cost, and
the footprint of its GHG emissions. Working with
this metric, the team should investigate alternative
options for reducing GHG emissions and their rela-
tive cost, by using electricity for heating, cooling and
transportation.

The diesel oil currently used for the hospital’s
transport activities (ambulances and other hospital
vehicles) will gradually be replaced by plug-in elec-
tric vehicles (PEVs) and electric vehicles (EVs) over
the long term. The 401 MGHA energy management
team should proceed with the procurement of one or
more PEVs (ambulances) and build a charging sta-
tion for PEV-driving employees to help promote
driving electric vehicles and reduce their carbon
footprint.

Transportation of patients to and from the hospital

In 2018, the hospitalized patients at the outpatient
clinic of the 401 MGHA and their visitors exceeded
230,000 people, which amount to more than 630
visits per day, on average. The GHG emissions per
mode of transport and patient have been calculated in
a previous paper by the authors. The use of private
cars is responsible for around 94% of GHG emissions
caused by the transportation of patients and visitors
to and from the hospital (10.8 kgCO2eq/patient). The
authors proposed in a previous study (Bozoudis &
Sebos, 2021) a number of actions to mitigate GHG
emissions from transport activities, such as the devel-
opment and broader use of telemedicine, which is the
application of ICT technologies to provide health ser-
vices from distance. Telemedicine could play a criti-
cal role in the transition to a net carbon-zero health
care sector. Purohit et al. (2021) estimated that the
carbon footprint savings could range between 0.70
and 372 kg CO,e per consultation. A 2018 NHS Mid-
lands and Lancashire commissioned report estimated
that the UK’s West Midlands could reduce emissions
by 533,535 kg CO2eq annually by shifting 15% of
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all hospital follow-up consultations to telemedicine
(NHS, 2018). In another study in the central Cata-
lan region of Spain, 3248.3 g of carbon dioxide were
avoided by avoiding a total of 9034 face-to-face hos-
pital visits through telemedicine services in the pri-
mary care centers (Vidal-Alaball et al., 2019). The
extent of carbon footprint reduction through telemed-
icine is dependent on the population density of the
region, as well as on transport infrastructure (Whetten
et al., 2019).

Other actions that have been proposed by the
authors (Bozoudis & Sebos, 2021) are setting limi-
tations or banning free parking inside the hospital
premises, providing incentives for the use of public
transport and other more “active” means of transport,
such as walking or cycling, use of biofuels in ambu-
lances, and training on eco-driving.

The proposed KPI to monitor the effect of miti-
gation actions for transport activities is the ratio of
GHG emissions per patient.

Air-conditioning systems and refrigerators

The hospital administration should gradually replace
the stationary air conditioning systems and freez-
ers with appliances that are more energy efficient.
These expected savings in energy and emissions are
also cost effective. The proposed KPI metric to moni-
tor and evaluate the performance of this action is the
annual consumption and cost of electricity consumed
by the relevant appliances of the 401 MGHA.

Other mitigation actions

The Greek Government’s National Energy and Cli-
mate Plan (NECP) includes specific interventions for
better management of wastes (including the health
care sector) (MEEN, 2019). The hospital administra-
tion should capitalize on available information tech-
nologies and develop electronic platforms in order
to reduce the use of printing paper. In addition, they
should promote composting of food waste, recycling,
and re-use in order to minimize the amount of non-
medical solid waste disposal.

The hospital administration could establish a green
public procurement scheme and evaluate future ven-
dors by adopting environmental criteria for products
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and services. Moreover, a modified, more vegetable-
based hospital menu for in-patients, employees and
visitors will reduce meat on hospital menus, with an
important impact on the hospital’s carbon footprint.

The 401 MGHA can reap many of the benefits
from applying an ISO environmental management
standard from the ISO 14000 family. These standards
can provide the criteria for an effective environmental
management plan, and map out an operational frame-
work that the team can follow.

Hospital buildings should maintain appropriate
internal temperatures in areas with different tempera-
ture needs, such as in emergency rooms and clinics,
in contrast with the waiting rooms and the administra-
tion offices. The energy team of the hospital should
make a chart showing the desired temperatures for
each area in the hospital, from the lowest to the top
floors of the building. They could try to minimize
losses by using automatic doors in frequently used
hospital entrances.

The cost of reducing GHG emissions

The most economically efficient way to mitigate
GHG emissions is to select mitigation actions with
marginal benefits associated with emission reduc-
tion higher or equal to marginal costs. The Marginal
Abatement Cost (MAC) curves follow this concept.
The most prominent MAC curve is the well-known
McKinsey curve. The MAC curves plot the abate-
ment cost of an action versus its abatement potential
or emission reductions. Mitigation actions may have
a negative abatement cost, which translates to both
emission reduction and cost savings at the same time
(Gillingham & Stock, 2018).

The future GHG emissions of the 401 MGHA will
be reduced by about 30% without any intervention
by the hospital administration. This reduction will
be implemented by the change of the carbon foot-
print of the Greek energy mix for electricity produc-
tion, which will be highly decreased by the lignite
phase-out in 2028 and the high shares of renewables
(MEEN, 2019).

Figure 1 presents the mitigation measures dis-
cussed in this section grouped by their abatement cost
and abatement GHG reduction potential, similarly to
the MAC curve.
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Abatement cost
(€ per t CO2eq)

Vegetable-based hospital menu

Moderate

ISO 14000 schemes

Differentiation of temperature in different areas of the

Low hospital
Green public procurement

Efficient lighting

Energy efficient appliances

Insulation retrofit
Negative

Information campaign for promoting active modes of

transport (walking, cycling, public transport, etc)

Moderate

Information campaign for reducing electricity consumption

Solar PVs in roofs and parking lots (depending on investment
support scheme)
PEVs and EVs

Switch to efficient electrical heating appliances
Telemedicine

Decrease of indirect CO2 emissions associated to electricity
consumption due to lignite phase-out and increased share of
RES of national energy mix

High Abatement
Potential
(t CO2eq per year)

Fig. 1 Proposed mitigation actions characterized by their abatement cost and abatement GHG reduction potential

Conclusions

The estimation of the CF of the stationary emis-
sion sources in this study, in combination with the
estimation of the CF of transport activities of the
401 MGHA (Bozoudis & Sebos, 2021), constitutes
the baseline for the development of an action plan
for the mitigation of GHG emissions, the reduc-
tion of energy use and operating annual budget in
the hospital-based health care of the Greek Army.
The analysis in this paper shows that the major con-
tribution to the CF of the hospital comes from the
indirect GHG emissions due to the consumption
of electricity. The other important sources of GHG
emissions are associated with the consumption of
natural gas and diesel (around 28%) for heating pur-
poses and transport activities (14%). The contribu-
tion of each emission source to the hospital’s CF is
similar to the emission profiles of other health care
sectors reported by other researchers (Eckelman
et al., 2020; Purohit et al., 2021).

The phase-out of lignite-fired power plants in Greece
by the year 2028, in combination with the increase
of the share of power production from renewable and

low-carbon sources, will lead to a significant reduction
of the indirect GHG emissions associated with the con-
sumption of electricity from the national grid. In addi-
tion, the benefits of telemedicine and its critical role
in the transition to a net carbon-zero health care sector
were emphasized. Several other mitigation measures
of GHG emission sources have been proposed, which
were mapped according to their abatement cost and
GHG reduction potential, such as efficient lighting,
insulation retrofit, green public procurements, infor-
mation campaigns, etc. Most of these measures will
have the co-benefit of reducing the hospital’s annual
operating budget. Furthermore, as has been pointed
out by many researchers, the actions to reduce GHG
emissions have an additional co-benefit, which is the
opportunity to improve public health through reduced
air pollution, increased physical activity by the adop-
tion of more active modes or transport, such walking
and cycling, and improved diet with lower environmen-
tal impacts (Milner et al., 2020).

The authors have also proposed a framework
of KPIs that can be used as metrics to monitor and
evaluate the progress in reducing the carbon foot-
print of hospital GHG emissions. In addition to the
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two general KPIs, “tCO,eq per patient” and “tCO,eq
per hospitalizations’ days,” which cover all mitigation
actions and sources of emissions, a number of KPIs
specific to the source of GHG emissions or mitiga-
tion action were proposed in order to assist hospi-
tal administration in monitoring GHG sources and
assessing the effectiveness of mitigation actions. The
development of robust and standardized metrics to
define environmental performance and monitor pro-
gress is a critical element of any mitigation action
plan. This approach could also be used to assess the
performance of individual clinicians, hospitals, and
health care systems (Sherman et al., 2019).

The European Union (EU) aims to move to a net
zero GHG emissions by 2050 in order to achieve the
goals of the Paris Agreement. Greece has set a stra-
tegic aim of 56% GHG reduction by 2030, compared
to the 2005 levels (equivalent to a reduction of 35%
compared to 2018). The mitigation actions proposed
in this paper are sufficient to deliver a reduction of
GHG emissions by more than 3400 tCO,eq annually,
which corresponds to a reduction consistent with the
national target of 35% compared to 2018 levels. Thus,
the Hellenic Army health care sector can reduce
its carbon footprint, and promote its environmen-
tal friendly perspective under its Corporate Social
Responsibility.
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