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Abstract 

Background: This paper examines the hierarchy of technologies for 
a sustainable mitigation of greenhouse gas emissions from the 
building sector in the City of Athens. The greenhouse gas inventory 
of the building stock of the city and its energy consumption is 
investigated, pinpointing to effective energy saving scenarios, in 
which available in the market technologies are examined for their 
efficiency, cost-effectiveness and sustainability. 
Methods: Criteria for selecting these technologies have derived from 
the United Nations Sustainable Development Goals. By using the 
Multi Attribute Utility Theory, these technologies are prioritised, 
taking into account the reduction of greenhouse gas emissions, 
energy savings, the payback period of the embodied energy of the 
technologies used for the energy upgrade of buildings, their impact 
on the heat island effect, the initial cost of the investment and its 
payback period. Through the dynamic hypothesis on greenhouse gas 
emissions from electricity generation, cost-benefit analysis highlights 
the actions that can significantly reduce greenhouse gas emissions 
with existing low-cost technologies, so that they are easily 
multipliable and practically applicable on the city's building stock. 
Results: A feasible timetable for the measures for the energy 
upgrade of the building stock of the city of Athens, so that actions 
that offer considerable greenhouse gas emissions reductions at low 
costs are applied first, with short payback period and small initial 
investment. Actions focusing on HVAC systems have been found to 
meet these conditions. 
Conclusions: This research pinpoints to primary directions for 
financing strategies that can lead to the energy upgrade of the 
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building stock, in order to meet the target for carbon neutrality of the 
city by 2050. 

Keywords: zero energy building; embodied energy; carbon neutral 
city; sustainable development goals; multi-criteria analysis; Multi 
Attribute Utility Theory 

1. Introduction 

It is anticipated that by 2050, 68% of the world population will be living 
in urban areas [1]. It is also expected that climate change will cause 
approximately 250,000 additional annual deaths from 2030 to 2050 [2]. 
In addition, the impacts of climate change experienced within the next 
decades are expected to be more severe for urban than rural 
populations [3]. Cities have a large share in this; they account for 
approximately 78% of the world’s energy consumption and are 
responsible for 60% of the total greenhouse gas emissions, occupying 
less than 2% of the Earth’s surface [4]. 

There is growing awareness from several cities around the globe that 
sustainable management of city assets is the only option for their 
successful development and survival, which includes both adaptation and 
mitigation of climate change [5]. Cities that have ratified Paris Agreement 
have committed to keep global average temperature rise below 1.5 °C [6]. 
With the IPCC Special Report on Climate Change and Land [7], it is 
underlined that in order to achieve this goal, net zero greenhouse gas 
emissions should be achieved by 2048 (50% probability), this probability 
being improved by 2/3rds, if GHG emissions fall up to 70% by 2030 
(compared to 2017 levels). For cities to accomplish this systemic and rapid 
change specified by Paris Agreement, it is crucial that they are 
transformed into carbon neutral ones by 2050 [8], with the advocation 
that local actions can have an immediate impact on the environment. This 
ambitious goal must be supported by efficient actions, prioritized in an 
effective way, in order to achieve cities' independence from carbon 
economy within the next 30 years. 

The City of Athens, participating in this call, has managed to lower its 
greenhouse gas emissions by 14% within the last 6 years. These efforts 
to mitigate greenhouse gas emissions and to adapt to climate change, 
have placed Athens in the “A-list” of cities of the CDP net for four 
consecutive years [9]. In order to achieve the ambitious goal of carbon 
neutrality by 2050 and steep decline of GHG emissions by 2030, the city 
has to act fast and efficiently in all sectors that are responsible for GHG 
emissions within the city; stationary energy consumption, transport, 
waste generation and industrial uses. Especially for buildings, which 
account for 57% of the city’s total greenhouse gas emissions (see 
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paragraph 3.1), energy saving measures must enter the agenda in a 
cost–(carbon) effective way. Yet these solutions should ensure the 
sustainable development of the city. 

The aim of this paper is to examine whether and how sustainable carbon 
neutrality can be achieved through the building sector in the city of 
Athens up to 2050, with the already available in the market technologies. 

1.1. Climatic data and trends for Athens 

The city of Athens is located at 38° latitude and 24° longitude, with an 
altitude of approximately 130m above sea level, in the centre of 
Metropolitan Athens, occupying 39 km2. The climate of Athens is 
characterised as subtropical, Mediterranean, with prolonged hot, dry 
summers and mild winters, with moderate rainfall [10]. The average 
annual temperature is 17.7 °C, based on the meteorological station of 
Thissio (Figure 1) [11]. The heat island effect is intense in Athens and 
neighbouring municipalities, while in coastal areas temperatures tend 
to be milder in summer [12]. Average annual temperature in Athens has 
been increasing since the 1970s: from 1970 to 2011 it has already risen 
by 1.3 °C [11], while it is expected to rise by 0.14 °C per decade from now 
onwards [13]. However, the upward trend is more pronounced during 
summer period: average maximum temperature has increased by 3.2 °C 
(1976–2008) and average minimum (night) temperature by 3.3 °C  
(1984–2008) [10], while it is expected to rise from 1.4 °C to 2.0 °C up to 
2050 [13]. Heat waves follow an increasing tendency both in frequency 
and duration [10], with a trend of intensification by 3–5 days [14].  
This will result in up to 15 additional days a year with maximum 
temperatures above 35 °C and up to 30 additional days with night-time 
temperatures above 20 °C [13]. An increase in the maximum daily 
summer temperature of 1 °C is estimated to lead to 432 additional 
deaths per year by 2030 [10]. 

These particularly intense climatic changes in Athens are the result of 
the combination of various factors, mainly anthropogenic, related to 
intensifying urbanisation, the destruction of suburban green by forest 
fires, as well as global anthropogenic and natural causes of climate 
change [3]. Urbanisation has played a preliminary role in the intensity 
of the heat island effect in Athens. Earlier measurements (e.g., [15]) had 
shown high heat island effect intensity of the magnitude of 8 °C. More 
recent research, based on both air temperature measurements and 
satellite surface temperature observations, shows a lower heat island 
intensity (of the magnitude of 4 °C), which is stronger at night, due to 
the large heat capacity of structural materials within the city, both at 
street and at building level [16]. In contrast, many areas of the 
Municipality of Athens are cooler during the day, compared to 
neighbouring municipalities [12,16]. From this observation it is deduced 
that apart from the albedo of urban materials, special care should also 
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be given on the specific heat of structural materials that are exposed to 
the city’s surface, including both buildings and public spaces. Thus, the 
external thermal insulation of both the building stock and new buildings 
can effectively help not only to reduce the energy consumption of a 
building, but also to reduce the heat capacity of the built environment 
and the nocturnal intensity of the heat island effect; consequently lower 
raised nocturnal urban temperatures and hence increase the 
effectiveness of night cooling of buildings; this can lead to the further 
reduction of the cooling load and, simultaneously, the improvement of 
thermal comfort in urban spaces. 

 

                                              (a) 

 

                                              (b) 

Figure 1 (a) Average monthly, average maximum, absolute maximum, 
average minimum and absolute minimum temperature and average monthly 
relative humidity and (b) average monthly rainfall and average number 
of days with rainfall larger than 1 mm in Athens (source of data: [11]).  
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1.2. Athenian building stock 

According to the latest census [17], 75% of the building stock of the city 
is built before the Regulation of the Thermal Insulation of Buildings [18], 
not having any kind of thermal protection (Figure 2a), apart from a few 
exceptions, where partial or holistic energy upgrade has taken place. 
Residencies constitute 78.8% of the building stock (Figure 2b).  

 

                                                    (a) 

 

                                         (b) 

Figure 2 Athenian building stock (a) per construction period and (b) per 
use (source of data: [17]).  
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thermal comfort in the uninsulated Greek homes, leads to energy 
poverty. Typically, 35.6% of Greek households could not pay their energy 
bills on time in 2018; Greek households have ranked first in Europe in 
terms of this incapacity [19]. It is estimated that 26% of Athenian homes 
face energy poverty [20]. From these two observations it can be 
presumed that if energy poverty continues to be addressed only in 
economic terms (e.g., subsidies) and not in technological terms (e.g., 
funding the energy upgrade of residencies, especially in households 
affected by energy poverty), it is estimated that greenhouse gas 
emissions from the city building stock will increase when the economic 
conditions of the country improve. Therefore, in order to reduce 
greenhouse gas emissions in the City of Athens, while improving living 
standards and tackling poverty, energy saving projects should target for 
large greenhouse gas emissions in the residential sector and, generally, 
in the building sector. Targeted funding actions should result in 
significant decrease and even zero greenhouse gas emissions, at 
relatively low cost, so that they can be easily multiplied, which is what 
this article examines. 

2. Materials and Methods 

2.1 Estimating energy consumption and greenhouse gas emissions 
in the city of Athens 

To be able to project to the future, present and past (in the form of 
“trends”) GHG emissions should be examined. The City of Athens, after 
signing the Compact of Mayors [21], monitors its greenhouse gas 
emissions, according to the GPCi [22] and to IPCC [3], continuously, from 
2014 onwards. The inventory takes place annually and estimates 
greenhouse gas emissions two years ago. 

The City of Athens reports its GHG emissions from stationary sources, 
transport, waste, industrial processes and product use (IPPU) and 
agriculture, forestry and other land use (AFOLU) on the platform CDP, 
where the quality of data is validated by various organisations [23]. This 
article focuses on stationary GHG emissions, which concern energy 
consumption from the stationary sector, where buildings are included [22]. 

Regarding the inventory of stationary energy consumption, the sources 
and assumptions are summarised in Table 1. When available, energy 
consumption derives directly from the providers; this stands true for all 
electricity consumption within the city. Stationary electricity 
consumption is divided among the different types of buildings 
(residencies and tertiary sector), street lighting, construction activities, 
industrial or gardening activities by the provider of electricity itself. The 
same applies to natural gas consumption, which also derives directly 
from the provider of natural gas, for residencies, tertiary sector 
buildings as well as industrial activities. Other fossil fuel consumption 
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for industrial consumption derives from the data of the Ministry of 
Environment, Energy and Climate Change. 

Table 1 Source of data/assumptions for stationary activities in the City of Athens inventory and 
data quality assessment, according to [22] and [24].  

Type of activity Source Data quality 

Electricity consumption in 
buildings 

Data provided on the annual consumption of each 
building typology within the city boundaries by the 
Hellenic Electricity Distribution Network Operator. 

High 

Natural gas consumption in 
buildings 

Data provided on the annual consumption of each 
building typology within the city boundaries by the 
Attica gas distribution company. 

High 

Diesel oil consumption in 
buildings 

Data on annual consumption of petroleum products 
from the Prefecture of Attica, as provided by the 
Hellenic Statistic Authority, extrapolated to the 
number of buildings within the City of Athens 

Medium 

Diesel oil consumption in 
municipal buildings 

Data on oil consumption within the Municipality of 
Athens, according to the Department of 
Procurement of the City of Athens. 

High 

Biomass consumption in 
buildings 

Estimation, according to 2011 data of the Hellenic 
Statistic Authority, extrapolated to the population of 
Athens and to the difference of heating degree days 
fluctuations each yearii.  

Low 

Electricity consumption in street 
lighting, construction sites, 
industrial and gardening activities 

Data provided on the annual consumption of each 
consumer within the city boundaries by the Hellenic 
Electricity Distribution Network Operator. 

High 

Natural gas consumption for 
industrial purposes 

Data provided by the Attica gas distribution company High 

Crude oil used in industry 
Fuel consumption in industrial units within the city, 
according to data provided by the Ministry for the 
Environment, Energy and Climate Change. 

High 

Fugitive emissions from natural 
gas systems 

Fugitive emissions estimated in NIR from the 
distribution of natural gas at national level are 
downscaled from national to city level, according to 
the length of pipelines. 

Medium 

All this data is input in the software CIRIS v.2.4 [25] iii , along with the 
emission factors for each type of fuel/energy source. These emission 
factors derive from the National Inventory Report [26] on an annual basis, 
regarding both fossil fuels and electricity. The results from this monitoring 
and the role of buildings in the overall energy consumption of the city are 
discussed in paragraph 3.1. Data from this inventory are used as guidance 
for necessary plans on energy saving actions in the building sector. 

Fossil fuels emission factors remain relatively constant, while electricity 
emissions factor varies, according to the annual energy mix for 
electricity production. So as to project the change of greenhouse gas 
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emissions from electricity generation within the next years, in which this 
article focuses, a linear decreasing function has been considered, based 
on the existing time series as well as on the national targets for 2030 
[27], as shown in Figure 3. 

 

Figure 3 Greenhouse Emission factors for electricity, natural gas and 
diesel oil – time series for 2014–2019/projection for 2020–2030. 
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upgrade and the application of RES on buildings for detached dwellings 
in Greece with the criteria of energy savings and the change in the 
energy class of buildings as energy criteria, the reduction of carbon 
dioxide emissions as environmental criterion, the reduction of 
operational costs as social criterion and the investment cost and its 
payback period as the examined economic criteria. Arroyo et al. [42] 
have used the Choosing by Advantages method with 3 criteria: energy 
consumption, acoustic reverb and VOC emissions, in order to assess the 
design scenarios for a building. Avgelis and Papadopoulos [43] have 
used ELECTRE III, focusing on the performance of HVAC systems in an 
office building, assigning energy (annual energy consumption), 
environmental (greenhouse gas emissions), economic (net present 
value method) and user’s satisfaction (thermal comfort and indoor air 
quality) criteria. There has been no consistent methodology either for 
the multicriteria analysis method or for the criteria for assessing energy 
upgrade techniques.  

With the intention of highlighting energy-saving measures that can 
reduce greenhouse gas emissions in a sustainable and cost-effective 
manner, a multi-criteria analysis is developed to prioritise energy-saving 
measures that are available in the market. The examined scenarios are 
ranked with the Multi Attribute Utility Theory, based on Alexandri [44]. 
A sensitivity analysis is made, regarding weighting factors (Table 2); they 
(i) are set equal for all examined criteria, (ii) have derived from a surveyiv 
to the engineers engaged in the building sector in the Municipality of 
Athens (56% of which have responded), (iii) only the environmental 
criteria of Table 2 are taken into consideration, (iv) only the economic 
and social criteria of Table 2 are taken into consideration and finally, (v) 
the aim (the reduction of greenhouse gas emissions) and the main 
obstacle (the initial cost [45]) are only considered.  

Criteria have been selected to represent the elementary United Nations 
Sustainable Development Goals (SDGs) [46], which relate to buildings 
and energy-saving actions. They are divided into environmental 
protection criteria and economic growth/social equity criteria, to 
describe the three pillars of sustainability [47]. The SDGs that are more 
relevant to the energy upgrade of buildings are considered to be the 
following: 

For environmental protection: 

• SDG 11 – Sustainable Cities and Communities, as the examined 
buildings are within a city, their effect on the city’s well-being should 
also be examined. 

• SDG12 – Responsible consumption and production: the prudent 
consumption of energy, both at operational and at construction level, 
is one of the desired results in the energy upgrade of buildings  
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• SDG13 – Climate action, which is the most crucial environmental 
protection goal that should be addressed in all climate action plans 
and strategies 

For social equity and economic growth, the following SDGs are examined: 

• SDG 1 – No poverty: energy poverty is on the rise, at EU [48,49], 
national [50,51] and within the city level [20,52], as also mentioned 
in paragraph 1.2. Eliminating the building’s energy operational costs, 
decreases energy poverty, thus helping to relief poverty. 

• SDG 8 – Decent work and economic growth, which is an essential 
goal for any investment activity. 

For each selected SDG, one or more criteria are assigned, while each 
criterion is expressed by a quantifiable indicator: the reduction of energy 
consumption in buildings is chosen to express the criterion "Responsible 
Consumption and Production" for SDG12 [53]. Two indicators are set for 
the criterion "Climate Action" (SDG13): the reduction of greenhouse gas 
emissions as well as the payback period of the embodied energy [54]. For 
SDG11 "Sustainable Cities and Communities", the reduction of urban 
heat capacity is chosen, as a measure for reducing the nocturnal heat 
island effect (see paragraph 1.2). 

For SDG1 "No poverty", the reduction of operating costs is chosen, as a 
means of facing energy poverty through energy efficient buildings [55]. 
Finally, for SDG8 "Decent work and economic growth", the initial cost of 
the technical project and its payback period are chosen as indicators [56].  

The methodology for quantifying each indicator depends on the nature 
of the indicator and is shown in Table 2. The software TEE KENAK [57] is 
used for estimating energy consumption and thus energy savings for 
each scenario, its initial operational costs and its investment payback 
period. This software is chosen because it is the national software for the 
estimation of the energy performance of buildings [58]. It has been 
validated with the method BESTEST [57] and has been used in numerous 
research studies (e.g., [45,59–63]). More specifically, the cost of each 
energy upgrade action that is input in the software is estimated according 
to the Regulation on the Descriptive Works Invoices for Public Works 
Contracts [64] and from market research. Greenhouse gas emissions are 
estimated with the excel-based tool CIRIS v.2.4 [25], taking into 
consideration the official national emission factors [26] for each energy 
source for carbon dioxide (CO2), methane (CH4) and nitrogen dioxide 
(NO2), while future projections for electricity derive from [27], as 
discussed in paragraph 2.1. The emissions of these greenhouse gases are 
converted to carbon dioxide equivalent (CO2e) according to IPCC 5AR [65].  

The embodied energy of the energy saving actions and its payback 
period are estimated according to existing embodied energy databases, 
such as [66–68]v, while the embodied energy of HVAC, LED and solar 
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systems have derived from [69–71]. The payback period of the 
embodied energy of each scenario is estimated with the simple payback 
period, by dividing the energy savings of each scenario to its embodied 
energy [72]. 

Table 2 Selected criteria, respective indicators and methodology for the expression of Sustainable 
Development Goals for environmental protection economic growth and social equity.  

Type of 
criterion 

UN SDG Criterion Indicator/Units Methodology 

En
vi

ro
nm

en
ta

l P
ro

te
ct

io
n 

SDG12 

 

Reduction of 
conventional 
energy 
consumption 

Energy Savings 
(%) 

Software TEE KENAK v.1.31.1.9 [57] 

SDG13 

 

Climate change 
action 

Greenhouse gas 
emissions 
decrease (%) 

Estimation of greenhouse gases 
(CO2, CH4, NO2), according to 
emission factors by NIR [26] and 
conversion to carbon dioxide 
equivalent according to IPCC 5AR 
[65]. Future projections regarding 
electricity, are based on national 
plans [27] (Figure 3). 

SDG13 

 

Embodied energy 
Embodied energy 
payback period 
(years)  

Simple payback period, according 
to [72] 

SDG11 

 

Reduction of 
nocturnal heat 
island intensity 

Reduction of the 
city’s thermal 
capacity 

Existence of external insulation on 
the building [Yes/No], translated as 
[‘1’/‘0’] in the analysis 

Ec
on

om
ic

 g
ro

w
th

/S
oc

ia
l e

qu
ity

 SDG1 

 

Operational costsvi 
Operational cost 
reduction (%) 

Software TEE KENAK v.1.31.1.9 [57] 

SDG8 

 

Investment cost Initial cost (€) 

Regulation on the Descriptive 
Works Invoices for Public Works 
Contracts [64] and Software TEE 
KENAK v.1.31.1.9 [57] 

SDG8

 

Cost/benefit 
Investment 
payback period 
(years)  

Software TEE KENAK v.1.31.1.9 [57] 

According to the optical analysis of the Google EIE tool [73], buildings 
tend to occupy approximately 61% of the urban surface in Athens. 
Taking into consideration that 71% of the Athenian building stock is 
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higher than two floors [17], it is obvious that building surfaces (both 
horizontal and vertical) play a more crucial role in the city’s overall 
thermal capacity than the superficial two-dimensional surfaces of open 
spaces. High thermal capacity plays a crucial role in the nocturnal heat 
island effect intensity [16,74,75], which can cause higher morbidity and 
mortality risks than daytime heat island intensity [76,77]. It is made 
obvious from this, that by enclosing building materials’ heat capacity 
within the building with external insulation, not only is it beneficial for 
lowering the cooling load of buildings [78], but also for lowering urban 
thermal capacity, thus nocturnal heat island intensity and its negative 
effects on human health. For this reason, external insulation is 
considered to have a positive effect on the reduction of nocturnal heat 
island intensity, the health of the inhabitants and generally to improve 
the sustainability of cities (SDG11). As the examination of specific urban 
geometries is beyond the scope of this article, the simplified approach 
of the existence/non-existence of external insulation in each scenario, 
as a means of reducing nocturnal heat island intensity, is translated as 
“1” and “0”, in the MAUT analysis. 

For the examination of energy saving scenarios, two types of buildings 
have been selected; an apartment for the residential sector and an 
office for the tertiary sector, as typical typologies of these two uses. The 
characteristics of these two examined buildings are presented in 
paragraphs 2.2.1 and 2.2.2. As the view of a typical building affects the 
results regarding the energy consumption and the efficiency of the 
various energy saving techniques, it may differ for the whole building 
stock [79], but it is one of the most common methodologies in order to 
draw general conclusions for the development of a strategy for energy 
saving measures in the building sector [80] and their hierarchy. 

2.2.1 Residence 

As mentioned in paragraph 1.2, the typical residence in Athens is the 
apartment. In addition, the majority of residencies in the Prefecture of 
Attica, where Athens is geographically situated, cover an area of  
60–79m2 [17]. For this reason, energy saving scenarios are considered 
for a 70m2 Athenian apartment (Figure 4). The apartment that has been 
chosen is considered a typical one, according to the taxonomy of Athenian 
apartments [60,81]. Results are generalised for the city building stock, 
based on the latest census [17]. The apartment is considered 
uninsulated; as stated in paragraph 1.2, most buildings in Athens have 
been built before the Regulation of the Thermal Insulation of Buildings 
[18]. The selected scenarios are based on zeroing energy consumption 
so as to achieve the city’s independency from fossil fuels. Thus, as the 
trend at national level is to de-carbonise electricity generation, 
electricity is applied for space heating. Moreover, as analysed in 
paragraph 1.1, with the temperatures’ trend to rise in the area, the city 
will face more intense issues with cooling than with heating. Apart from 
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that, the global trend for cities in their carbon neutrality climate action 
plans, is electric space heating [82–84], which has also been encouraged 
by several climate action foundations [6,85].  

 

Figure 4 Plan of the examined apartment. 

Fourteen scenarios are examined for the energy upgrade of the 
Athenian residency, as described in Table 3. For the base case scenario 
(building as is), the building is uninsulated, heated with an oil boiler and 
cooled with a local air conditioning system. Sanitary Hot Water (SHW) is 
produced from a local electric heater, with 4kW power. The efficiency of 
the heating system is considered to be 0.80, and the EER of the cooling 
system 1.70 [86]. All technologies applied in the examined scenarios are 
well established in the market. Odd number scenarios focus on the 
energy upgrade of the building envelope, in which two options are 
considered: the placement of conventional materials (extruded 
polystyrene for thermal insulation and aluminum frames with thermal 
break and low-e, double glazed windows for openings) and of eco-
friendly building materials (symbolised as ‘eco’), where kenaf is placed 
as insulation and timber frames and low-e, double glazed windows for 
openings. The necessary width of thermal insulation in each case is 
estimated according to ISO 7345:2018 [87], so as to meet the standards 
of [88], with thermal conductivity 0.036W/(mK) for the conventional 
thermal insulation and 0.040W/(mK) for the eco-friendly material. For 
scenarios where the heating and cooling system is improved with local, 
ecolabel A/C units (scenarios 4, 5, 5-eco, 6, 7, 7-eco, 9 and 9-eco), COP is 
set at 6.20 and EER at 4.00. In scenarios where thermal solar collectors 
are placed for the production of Sanitary Hot Water (scenarios 2, 3, 3-
eco, 6, 7, 7-eco, 8, 9 and 9-eco), a flat, selective 5m2 collector is applied. 
Finally, in scenarios with photovoltaic panels (scenarios 8, 9 and 9-eco), 
1 kW (6m2) monocrystalline panels are placed on the building’s roof 
topvii. Both thermal and photovoltaic solar panels are placed on the 
building’s roof, facing South, with 45o tilt, not shaded throughout the 
year. Scenarios 7, 7-eco, 8, 9 and 9-eco convert the dwelling in question 
into nZEB, based on [89].  

5m1 3

2 4
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Table 3 Short description of examined energy upgrade scenarios for residencies.  

Examined scenarios Short description of scenarios for residencies 

Scenario 0 
Uninsulated building, with single-glazed openings with aluminum frame, heated 
with an oil boiler, cooled with an air conditioner, energy class G 

Scenario 1 

Improvement of the building envelope with conventional materials to meet the 
new building standards [88]: Insulation of opaque elements with extruded 
polystyrene; replacement of openings with aluminum frame with thermal break 
and low-e, double gazed windows. External shading of openings.  

Scenario 1-eco 

Improvement of the building envelope with eco-friendly materials to meet new 
building standards [88]: Insulation of opaque elements with kenaf. Replacement of 
openings with timber frame and low-e, double gazed windows; external shading of 
openings.  

Scenario 2 Placement of 5m2 flat, selective solar collector for Sanitary Hot Water. 

Scenario 3 
Combination of Scenarios 1 & 2 (energy upgrade of the building envelope with 
conventional materials and placement of a solar collector for the production of 
Sanitary Hot Water). 

Scenario 3-eco 
Combination of Scenarios 1-eco & 2 (energy upgrade of the building envelope with 
eco-friendly materials and placement of a solar collector for the production of 
Sanitary Hot Water). 

Scenario 4 Placement of an ecolabel air conditioning for heating (A+) and cooling (A++) 

Scenario 5 
Combination of Scenarios 1 & 4 (energy upgrade of the building envelope with 
conventional materials and placement of ecolabel air conditioning for heating and 
cooling). 

Scenario 5-eco 
Combination of Scenarios 1-eco & 4 (energy upgrade of the building envelope with 
eco-friendly materials and placement of ecolabel air conditioning for heating and 
cooling). 

Scenario 6 
Combination of Scenarios 2 & 4 (placement of a solar collector for the production 
of Sanitary Hot Water and ecolabel air conditioning for heating and cooling).  

Scenario 7 [nZEB] 
Combination of Scenarios 2 & 5 (energy upgrade of the building envelope with 
conventional materials, placement of ecolabel air conditioning for heating and 
cooling and a solar collector for the production of Sanitary Hot Water). 

Scenario 7-eco [nZEB] 
Combination of Scenarios 2 & 5-eco (energy upgrade of the building envelope with 
eco-friendly materials, placement of ecolabel air conditioning for heating and 
cooling and a solar collector for the production of Sanitary Hot Water). 

Scenario 8 [nZEB] 
Scenario 6 (placement of a solar collector for the production of Sanitary Hot Water 
and ecolabel air conditioning for heating and cooling) &1kW (6m2) monocrystalline 
photovoltaic panels. 

Scenario 9 [nZEB] 

Combination of Scenarios1 & 8 (energy upgrade of the building envelope with 
conventional materials, placement of ecolabel air conditioning for heating and 
cooling, a solar collector for the production of Sanitary Hot Water and 1kW 
photovoltaic panels). 

Scenario 9-eco [nZEB] 

Combination of Scenarios 1-eco & 8 (energy upgrade of the building envelope with 
eco-friendly materials, placement of ecolabel air conditioning for heating and 
cooling, a solar collector for the production of Sanitary Hot Water and 1kW 
photovoltaic panels). 
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2.2.2 Tertiary sector 

As can be observed in Figure 2b, the majority of tertiary sector buildings 
in Athens are office/retail. So as to examine the tertiary sector, an office 
building is chosen; a municipal, uninsulated office building, with six 
floors (Figure 5). It is heated with natural gas and cooled with local A/C 
units. Similarly, as for residencies, fourteen scenarios are examined, 
with technologies already established in the market. The same rationale 
applies in the selection of scenarios as for residencies; odd numbered 
scenarios involve two types of energy upgrade of the building envelope: 
with conventional and with eco-friendly materials. For reasons of 
consistency, the same technical characteristics regarding both building 
materials and HVAC systems have been applied to both residencies and 
tertiary sector. The only differences are the replacement of lighting in 
the office building with LED lights with lighting sensors (Scenarios 2, 3, 
3-eco, 6, 7, 7-eco, 8, 9 and 9-eco) and the surface of photovoltaic panels 
(106m2 – 18kW), which corresponds to the available on the roof top, 
unshaded space. A brief description of the examined scenarios is given 
in Table 4. Scenarios 3 and 5–9 convert the building in question into 
nZEB, according to [89]. 

 

Figure 5 Typical floor plan of the examined office building. 
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Table 4 Short description of examined energy upgrade scenarios for tertiary sector.  

Examined scenarios Short description of scenarios for tertiary sector 

Scenario 0 
Uninsulated building, with single-glazed openings with aluminum frame, heated 
with a natural gas boiler, cooled with local air conditioners, energy class G. 

Scenario 1 

Improvement of the building envelope with conventional materials to meet new 
building standards [88]: Insulation of opaque elements with extruded 
polystyrene; replacement of openings with aluminum frame with thermal break 
and low-e, double gazed windows. External shading of openings. 

Scenario 1-eco 

Improvement of the building envelope with eco-friendly materials to meet the 
new building standards [88]: Insulation of opaque elements with kenaf; 
replacement of openings with timber frame with thermal break and low-e, 
double gazed windows. External shading of openings. 

Scenario 2 Replacement of lighting systems with LED & placement of lighting sensors. 

Scenario 3 [nZEB] 
Combination of Scenarios 1 & 2 (energy upgrade of the building envelope with 
conventional materials and replacement of lighting). 

Scenario 3-eco[nZEB] 
Combination of Scenarios 1-eco & 2 (energy upgrade of the building envelope 
with eco-friendly materials and replacement of lighting). 

Scenario 4 Placement of an ecolabel HVAC system (A+ for heating and A++ for cooling). 

Scenario 5 [nZEB] 
Combination of Scenarios 1 & 4 (energy upgrade of the building envelope with 
conventional materials and placement of an ecolabel HVAC system).  

Scenario 5-eco [nZEB] 
Combination of Scenarios 1-eco & 4 (energy upgrade of the building envelope 
with eco-friendly materials and placement of an ecolabel HVAC system).  

Scenario 6 [nZEB] 
Combination of Scenarios 2 & 4 (replacement of lighting and placement of an 
ecolabel HVAC system).  

Scenario 7 [nZEB] 
Combination of Scenarios 2 & 5 (energy upgrade of the building envelope with 
conventional materials, replacement of lighting and placement of an ecolabel 
HVAC system). 

Scenario 7-eco [nZEB] 
Combination of Scenarios 2-eco & 5 (energy upgrade of the building envelope 
with eco-friendly materials, replacement of lighting and placement of an 
ecolabel HVAC system). 

Scenario 8 [nZEB] 
Scenario 6 (replacement of lighting and placement of an ecolabel HVAC system) 
& placement of 18kW (106m2) monocrystalline photovoltaic panels on the 
building roof top. 

Scenario 9 [nZEB] 
Combination of Scenarios 1 & 8 (energy upgrade of the building envelope with 
conventional materials, replacement of lighting, placement of an ecolabel HVAC 
system and 18kW photovoltaic panels). 

Scenario 9-eco [nZEB] 
Combination of Scenarios 1-eco & 8 (energy upgrade of the building envelope 
with eco-friendly materials, replacement of lighting, placement of an ecolabel 
HVAC system and 18kW photovoltaic panels). 
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3．Results and Discussion 

3.1 The role of the building sector in the energy consumption and 
greenhouse gas emissions in Athens 

As can be observed in Figure 6, stationary energy (in which buildings are 
included) has a significant share, of the magnitude of 59%, in the city’s 
greenhouse gas emissions in 2019. The building stock is responsible for 
93% of the energy consumed within the city for stationary purposes and 
of 57% of the total greenhouse gases emitted by the City of Athens 
(Figure 6). 

 

Figure 6 Greenhouse gas emissions in the City of Athens, 2019. 

Generally stationary sources tend to be the largest emitters of 
greenhouse gas emissions in both European and Mediterranean cities 
(Figure 7), while buildings are the dominant sources of stationary 
greenhouse gases in Athens. Despite their large volume, as discussed 
in paragraph 1.2, dwellings are responsible for 31% of the total 
greenhouse gas emissions from the activities that take place within the 
city, while buildings of the tertiary sector, which account for a smaller 
number within the city are, disproportionally, responsible for 26% of the 
total greenhouse gas emissions in 2019. 

Regarding energy consumption in buildings (both residencies and 
tertiary sector), 45% is due to electricity, 40% due to diesel and 14% due 
to natural gas in 2019. The trend from 2014 onwards is for diesel oil for 
heating to decrease and of natural gas to slowly increase (Figure 8), 
following the tendencies of heating degree days per year (Figure 9). 
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Electrical consumption in residencies has an upward trend, while in the 
tertiary sector a decreasing trend during the years of austerity, slightly 
increasing from 2017 onwards (Figure 8). However, the total trend of 
energy consumption from the building sector in Athens is to increase; it 
has increased by 7.7% from 2014 to 2019; there have been some local 
decreases in 2016 and 2018, following the decrease of heating degree 
days during these years (Figure 9), but the general trend from the 
existing time series seems to be upward. Generally, there has not been 
any significant improvement of the energy efficiency of the building 
stock in Athens; the city has had very small participation in the national 
programmes of the energy upgrade of dwellings [90]. Nonetheless, the 
decrease of greenhouse gas emissions from the city’s building sector 
(Figure 10) has been of the magnitude of 20.9%; this is due to the 
decarbonisation of electricity production at national scale [26]; GHG 
emissions factor for electricity in Greece has dropped by 24.5% from 
2014 to 2019 (Figure 3). In order not only to decrease greenhouse gas 
emissions, but also the city’s energy demand, it is mandatory to put 
forward energy saving solutions that can be applied rapidly throughout 
the Athenian building stock. Generally, as mentioned above, the 
electrification of heating and cooling is advocated as the pathway 
towards carbon neutral buildings [6,85]. However, as electricity now is 
responsible for more than 3 times higher GHG emissions than natural 
gas (Figure 3), it would be disastrous to electrify space heating without 
any efficiency improvement or other energy saving measures. 

 

Figure 7 Greenhouse gas emissions per sector in European and 
Mediterranean cities in 2018 [91]. 
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Figure 8 Time series of electricity, diesel, natural gas and biomass 
consumed in residential and tertiary sector buildings in the City of Athens. 

 

Figure 9 Timeseries of Heating and Cooling Degree Days in Central 
Athens (data deriving from respective measurements in the Gazi 
meteorological station - LGB9/National Observatory of Athens: 
https://meteosearch.meteo.gr/).  
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Figure 10 Time series of the greenhouse gases emitted by each source 
in residential and tertiary sector buildings in the City of Athens. 

3.2 Sustainable energy saving solutions for the Athenian building 
stock 

In Figures 11 and 12 the energy intensity of the base case (Scenario 0 – 
building as is) and all examined scenarios are shown for the residential 
and the tertiary sector building, respectively. This energy intensity 
seems quite high; the monitored average energy intensity for the 
Athenian residency from the time series 2014–2019 is of the magnitude 
of 117.7kWh/m2, while the estimated one for the selected apartment is 
178.9kWh/m2, 34% larger. According to national assumptions [86], the 
energy simulation of a residency does not take into account the energy 
consumption due to artificial lighting or appliances, including cooking, 
although the assumptions on the energy use are quite high, in 
comparison to reality [92]. Similarly, appliances, cooking and other 
energy consuming activities are not taken into consideration in tertiary 
sector buildings. It has been pointed out by Balaras et al. [93] that the 
estimated energy consumption of buildings according to these national 
assumptions is 44% higher than the monitored one. For this reason, the 
energy consumption calculated according to national standards is 
assumed to be the total energy consumption of the examined buildings. 
It is interesting, however, that by extrapolating the calculated energy 
consumption to the surface of the buildings in the Municipality of 
Athens, according to the latest census, the calculated values are 53% 
higher for the tertiary sector and 34% for residencies than the 
monitored ones, based on the GPC [22], which is of a similar order of 
magnitude as the deviation observed by Balaras et al. [93]. 
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Figure 11 Energy intensity of the examined scenarios for the 
uninsulated apartment case-studied as the Athenian residency. 
Scenarios that lead to nZEB are symbolised with green colour. 

 

Figure 12 Energy intensity of the examined scenarios for the 
uninsulated office building case-studied as the Athenian tertiary sector. 
Scenarios that lead to nZEB are symbolised with green colour.  

The results for each examined criterion and scenario are summarised in 
Table 4 for residencies and in Table 5 for the tertiary sector. For the 
implementation of scenarios for the building stock of the whole city, the 
financial resources depicted in the last columns of Tables 4 and 5 must 

178.9

75.0

154.1

50.2 47.5
31.4 22.7

6.0 -1.8 -16.1

-50

0

50

100

150

200

Sc 0 Sc 1 Sc 2 Sc 3 Sc 4 Sc 5 Sc 6 Sc 7 Sc 8 Sc 9

En
re

rg
y 

in
te

n
si

ty
 (

kW
h

/m
2
)

Energy saving scenarios

Energy internsity for the examined uninsulated 
apartment for the Athenian residency for various 

energy upgrade scenarios 

176.6

77.4

158.0

44.1 53.5 44.6

20.7
10.6 10.5

0.4
0

50

100

150

200

Sc 0 Sc 1 Sc 2 Sc 3 Sc 4 Sc 5 Sc 6 Sc 7 Sc 8 Sc 9En
re

rg
y 

in
te

n
si

ty
 (

kW
h

/m
2
)

Energy saving scenarios

Energy internsity for the examined uninsulated 
office for the Athenian tertiary sector for various 

energy upgrade scenarios 



Green Energy and Sustainability, 2022, 2(1), 0002  Page 22 of 42 

be secured. As has also been observed by Daskalaki et al. [60,61], energy 
savings achieved by only upgrading the building envelope are not so 
great (44.4% energy savings for residencies and 48.5% for tertiary sector 
for Scenarios 1 and 1-eco), as when performing synergies of the energy 
upgrade of the building envelope and HVAC systems (64.4% for the 
residency and 68.2% for the tertiary sector for Scenarios 5 and 5-eco). 
For residency, it is crucial to not only insulate, but also to cover Sanitary 
Hot Water needs with solar energy, so as to reach significant energy 
savings (71.6% for Scenarios 3 and 3-eco). When only Sanitary Hot Water 
is covered by renewables, without any other interventions, energy 
savings are marginal in residencies (27.10% - Scenario 2). Although this 
initial cost is relatively small (1,200€), its payback period is quite large 
(6.0 years). Similarly, when only lighting is upgraded in the tertiary 
sector, energy savings are not so significant (24.30% - Scenario 2). 
Nonetheless, due to the assumed intensive use of artificial lighting in 
office buildings, it offers a very attractive payback period (1.8 years). 

Table 5 Weighting factors for each examined set of sensitivity analysis.  

Weight 
factors set 

GHG 
emissions 
reduction 

Energy 
savings 

Embodied 
energy 
payback 
period 

Reduction 
of the city's 
thermal 
capacity 

Operational 
cost 

Initial 
cost 

Investment 
payback 
period 

Engineers' 
point of view 

0.144 0.168 0.124 0.123 0.154 0.150 0.138 

Equal 
weighting 
factors 

0.143 0.143 0.143 0.143 0.143 0.143 0.143 

Environmenta
l criteria 

0.250 0.250 0.250 0.250 0.000 0.000 0.000 

Economic/soc
ial criteria 

0.000 0.000 0.000 0.000 0.333 0.333 0.333 

Aim vs Main 
obstacle  

0.500 0.000 0.000 0.000 0.000 0.500 0.000 

As also argued by Droutsa et al. [45], the most cost-effective scenarios 
are the ones focusing on the upgrade of HVAC systems; the  
smallest payback periods are observed for the replacement of the 
heating/cooling system with an ecolabel one (Scenario 4 – 2.2 years) and 
the addition to this of a solar collector for Sanitary Hot Water (Scenario 
6 - 2.9 years) for the residency. For the tertiary sector, the replacement 
of lighting (Scenario 2) and the combination of replacement of lighting 
and of an ecolabel HVAC system (Scenario 6) offer payback periods of 
the magnitude of 1.8 years and 2.5 years, respectively. 

For turning the building into a zero-energy building or marginally 
positive energy one (Scenarios 9 and 9-eco), it is necessary to intervene 
on both the building envelope and HVAC systems and to also apply RES 
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on it, a conclusion also reached by many researchers (e.g., [40,94–98]). 
The more technologies applied, the more expensive the retrofitting 
becomes; for the residency the most expensive are RES application, in 
combination with the upgrade of the HVAC system (Scenario 8 – 
7,500.00€) and the upgrade of the building envelope with ecological 
materials (Scenario 1-eco – 5,575.20€), while the synergetic scenario 9-
eco (upgrade everything, implementation of solar renewables) reaches 
an initial cost of 12,995.20€, with 11.30 years payback period for the 
residency and 513,885.80€, with 10.7 years payback period for the 
tertiary sector. 

Embodied energy payback period is larger for placing conventional 
building materials on the residency (4.4 years – Scenario 1), than eco-
friendly ones (2.9 years – Scenario 1-eco), while it pays off much faster 
for the tertiary sector, which is more exposed to the external 
environment (from 0.3 years for eco-friendly materials to 0.6 years for 
conventional ones for Scenario 1). Scenarios 9 with eco-friendly 
materials payback fast their embodied energy in both the residency (2.1 
years) and the tertiary sector (2.4 years). Photovoltaics and solar panels 
payback much faster their embodied energy (0.8 years for Scenario 2 
and 0.8 years for Scenario 8 for the residency), as has also been 
observed by Alexandri and Androutsopoulos [41].  

In order to prioritise the examined scenarios, in relation to the seven 
selected criteria, sensitivity analysis is made, regarding the weighting 
factors of each criterion (Table 5). Before proceeding to the results of 
this multicriteria analysis, it is interesting to discuss the weighting 
factors attributed by engineers; energy savings is the most important 
criterion for them, followed by social (operational cost) and economic 
(investment cost) criteria. Greenhouse gas emissions do not seem such 
a decisive criterion for them, while the environmental criteria of 
embodied energy or the city’s thermal capacity seem rather indifferent. 
Respective surveys [41,99] have reached similar results. 

The Multi Attribute Utility Theory is applied for each set of weighting 
factors. The first prioritization examined is made with the weighting 
factors deriving from the engineers and is depicted in Figures 13 and 14 
for the residential and the tertiary sector, respectively. Despite the low 
weighting factor for the embodied energy payback period, Scenario 7-
eco (the upgrade of the building envelope with eco-friendly materials, 
the upgrade of the heating/cooling system, in combination with a solar 
collector for Sanitary Hot Water) ranks first for the residency; it also 
turns the building into an n-ZEB, satisfying in an optimum way all seven 
examined criteria. It is followed by the same scenario with conventional 
materials (Scenario 7), while the 3rd option is the upgrade of the 
heating/cooling system, in combination with a solar collector for 
Sanitary Hot Water without the energy upgrade of the building envelope 
(Scenario 6, not an n-ZEB scenario). The optimum energy saving 
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scenario (Scenario 9-eco) ranks 4th. Similar ranking is observed when all 
weighting factors are set equal (Figure 15). As economic criteria are 
taken into account, such as the initial cost, scenarios that receive a 
better ranking are not necessarily the ones that lead to the highest rates 
of energy savings, as has also been commented by Alexandri and 
Androutsopoulos [41]. It is interesting to observe that leaving the 
building as is (Scenario 0) is a more preferable option than just placing 
a solar collector (Scenario 2); Scenario 0 ranks 14th, while Scenario 2 
ranks 15th for both equal weighing factors and for the weighting factors 
from the survey. Taking into account the criteria presented in paragraph 
2.1, it is better to keep the building as is, than to perform actions of high 
embodied energy and relatively high initial cost, that offer low energy 
savings, which has also been confirmed by Zikou and Alexandri [100]. 

 

Figure 13 Scenario scores and ranking for the residency for weighting 
factors deriving from the survey to engineers. Scenarios that lead to 
nZEB are symbolised with green colour. 

For the tertiary sector, the n-ZEB Scenario 3 (combination of the 
upgrade of the building envelope and replacement of lighting) ranks 1st, 
followed very closely by Scenario 3-eco, for both the equal weighting 
factors and the weighting factors from the survey. The also n-ZEB 
Scenario 8 (replacement of lighting, HVAC system and placement of 
18kW photovoltaics) ranks 3rd for the weighting factors from the survey, 
but 6th for the equal weighting factors; in this case the optimum energy 
savings examined scenario (Scenario 9) ranks 3rd. Its equivalent scenario 
with eco-friendly materials (Scenario 9-eco) ranks 7th for the engineers’ 
weighting factors and 5th for equal weighting factors. 
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Figure 14 Scenario scores and ranking for the tertiary sector for 
weighting factors deriving from the survey to engineers. Scenarios that 
lead to nZEB are symbolised with green colour. 

 

Figure 15 Sensitivity analysis of the hierarchy of scenarios for the 
residency, according to weighting factors deriving from Table 5.  
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From this sensitivity analysis (Figures 15 and 16), it can be observed that 
the ranking of the examined scenarios varies considerably, confirming 
the complexity of the relationships between sustainability indicators 
[54]. Nonetheless, some distinctive patterns can be observed; equal 
weighting factors and survey weighting factors indicate as optimum 
those energy saving solutions which can offer quite moderate 
greenhouse gas emissions reduction and energy saving results for 
relatively low cost and low embodied energy. When only environmental 
criteria are taken into consideration, eco-friendly materials thrive and 
so do solutions for the optimum energy upgrade of buildings. When 
only economic and social criteria are taken into consideration, the most 
cost-effective scenarios seem the best option, which also offer 
significant energy savings, as has also been concluded by Mitsiou and 
Alexandri [99]. 

 

Figure 16 Sensitivity analysis of the hierarchy of scenarios for the 
tertiary sector, according to weighting factors deriving from Table 5.  

Following a pragmatic rationale, the combination of the aim (greenhouse 
gas emissions reduction) and its main obstacle (initial cost) are 
investigated in more detail; in Figures 17 and 18, the ranking of this 
combination is shown, for the residence and the tertiary sector, 
respectively. From this MAUT analysis, Scenario 6 (replacement of the 
heating/cooling system and placement of a solar collector) ranks first for 
the residency and also Scenario 6 (replacement of lighting and HVAC 
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system) for the tertiary sector. As in practice the obstacle (the initial cost) 
will determine what is implemented, it is further investigated whether this 
optimum option for these two criteria can lead to a fast transformation of 
the Athenian building stock into a less polluting sector. The GHG emissions 
reduction and the costs estimated for the examined apartment and the 
office building for Scenario 6 are generalised from single units to the whole 
city’s building stock, according to data on the number of buildings and 
surfaces from the latest census [17]. The two scenarios are suggested to 
be implemented within a decade for the whole Athenian building stock, 
starting from 2023, with 5 years distance (Figure 19). For their 
implementation, only about 1.3 billion € are needed for dwellings (Table 6) 
and 1.5 billion € for the tertiary sector (Table 7). For the dynamic estimation 
of greenhouse gases from electricity, these actions offer a steep decline of 
greenhouse gas emissions from the building sector, much faster than the 
linearly considered zeroing up to 2050 (Figure 19); within 15 years, GHG 
emissions can have been lowered by 94% and the energy demand in the 
building sector by 79% (lowering to 1,259 GWh). Followed by the upgrade 
of the building envelope and the placement of photovoltaics considered in 
Scenarios 9-eco, in the next ten-year horizon, carbon neutrality of Athenian 
buildings will be a possibility for another 4.3 billion € for dwellings (Table 6) 
and 5.7 billion € for the tertiary sector (Table 7). With these costs and 
energy saving measures, in theory, the city building sector is capable to 
zero its greenhouse gas emissions within the timeframe set for the 
conversion of cities to carbon neutral by 2050 (Figure 19). 

 

Figure 17 Scenario scores and ranking for the residency for the aim 
(greenhouse gas emissions reduction) versus the main obstacle (initial 
cost). Scenarios that lead to nZEB are symbolised with green colour. 
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Figure 18 Scenario scores and ranking for the tertiary sector for the aim 
(greenhouse gas emissions reduction) versus the main obstacle (initial 
cost). Scenarios that lead to nZEB are symbolised with green colour. 

 

Figure 19 Estimated decrease of greenhouse gas emissions in the 
Athenian building stock, when applying first Scenario 6 in the tertiary 
sector, followed by Scenario 6 in the residential sector for fast emissions 
reduction in a cost-effective manner. The optimum energy upgrade 
(Scenario 9-eco) is applied from then onwards to both tertiary sector 
and residential buildings.  
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Table 6 Results for the seven examined criteria and generalised costs for the city’s residential building stock.  

Scenarios 

GHG 
emissions 
decrease  

(%) 

Energy 
Savings  

(%) 

Initial cost  
(€) 

Annual 
operational 

cost  
(€) 

Investment 
payback 
period  
(years) 

Embodied 
energy 

payback period  
(years) 

Reduction of 
the city’s 
thermal 
capacity 

Total investment 
cost for the 

city’s residential 
building stock  

(€) 

S 0 0.0% 0.0% 0.00 € 1,217.20 € 0.0 0.0 0 - €  
S 1 47.9% 44.4% 5,187.30 € 534.50 € 7.6 4.4 1 2,219,256,623 €  
S1-eco 47.9% 44.4% 5,575.20 € 534.50 € 8.2 2.9 1 2,385,209,940 €  
S 2 26.9% 27.1% 1,200.00 € 1,018.00 € 6.0 0.8 0 513,390,000 €  
S 3 74.9% 71.6% 6,387.30 € 335.30 € 7.2 3.1 1 2,732,646,623 €  
S 3-eco 74.9% 71.6% 6,775.20 € 335.30 € 7.7 2.1 1 2,898,599,940 €  
S 4 48.4% 47.9% 1,800.00 € 382.60 € 2.2 0.1 0 770,085,000 €  
S 5 65.9% 64.4% 6,987.30 € 253.10 € 7.2 3.3 1 2,989,341,623 €  
S 5-eco 65.9% 64.4% 7,375.20 € 253.10 € 7.7 2.2 1 3,155,294,940 €  
S 6 75.34% 75.0% 3,000.00 € 183.40 € 2.9 0.4 0 1,283,475,000 €  
S 7 93.5% 92.3% 8,187.30 € 48.70 € 7.4 2.5 1 3,502,731,623 €  
S 7-eco 93.5% 92.3% 8,575.20 € 48.70 € 7.8 1.8 1 3,668,684,940 €  
S 8 102.0% 91.4% 7,500.00 € 50.10 € 6.5 0.8 0 3,208,687,500 €  
S 9 117.5% 100.3% 12,687.30 € 0.00 € 11.0 2.8 1 5,427,944,123 €  
S 9-eco 117.5% 100.3% 12,995.20 € 0.00 € 11.3 2.1 1 5,559,671,440 €  
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Table 7 Results for the seven examined criteria and generalised costs for the city’s tertiary sector building stock.  

Scenarios 

GHG 
emissions 
decrease 

(%) 

Energy 
Savings 

(%) 

Initial cost 
(€) 

Annual 
operational 

cost 
(€) 

Investment 
payback period 

(years) 

Embodied energy 
payback period 

(years) 

Reduction of 
the city’s 
thermal 
capacity 

Total investment 
cost for the city’s 

tertiary sector 
building stock 

(€) 
S 0 0.0% 0.0% 0.00 € 48,507.40 € 0.0 0.0 0 - € 
S 1 47.8% 48.5% 310,055.30 € 23,133.40 € 12.2 0.6 1 4,346,665,251 €  
S1-eco 47.8% 48.5% 345,721.80 € 23,133.40 € 13.6 0.3 1 4,846,673,914 €  
S 2 26.5% 24.3% 15,200.00 € 40,033.80 € 1.8 0.5 0 213,088,800 €  
S 3 77.4% 76.5% 325,255.30 € 11,764.40 € 8.9 0.5 1 4,559,754,051 €  
S 3-eco 77.4% 76.5% 360,921.80 € 11,764.40 € 9.8 0.4 1 5,059,762,714 €  
S 4 60.5% 62.0% 90,000.00 € 16,581.30 € 2.8 3.1 0 1,261,710,000 €  
S 5 67.1% 68.2% 400,055.30 € 13,852.20 € 11.5 3.2 1 5,608,375,251 €  
S 5-eco 67.1% 68.2% 435,721.80 € 13,852.20 € 12.6 3.0 1 6,108,383,914 €  
S 6 84.7% 85.3% 105,200.00 € 6,419.40 € 2.5 2.4 0 1,474,798,800 €  
S 7 92.2% 92.5% 415,255.30 € 3,283.50 € 9.2 2.5 1 5,821,464,051 €  
S 7-eco 92.2% 92.5% 450,921.80 € 3,283.50 € 10.0 2.4 1 6,321,472,714 €  
S 8 92.3% 92.1% 168,164.00 € 3,389.70 € 3.7 2.3 0 2,357,491,116 €  
S 9 99.7% 98.3% 478,219.30 € 461.20 € 10.0 2.5 1 6,704,156,367 €  
S 9-eco 99.7% 98.3% 513,885.80 € 461.20 € 10.7 2.4 1 7,204,165,030 €  
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4. Conclusions 

The aim of this paper is to pinpoint energy saving measures, which can 
lead to the conversion of the urban building stock to zero carbon, in a 
cost-effective way, in line with Sustainable Development Goals. For this 
reason, the building stock of the City of Athens is examined, with the 
aim of its carbon neutrality by 2050. Data have been collected on the 
climatic trends of the area and the characteristics of the building stock. 
The city’s greenhouse gas emissions as well as the buildings’ 
contribution in global warming have been estimated. From this analysis, 
characteristic buildings and their energy upgrade scenarios have been 
selected, investigating the effect of already established in the market 
technologies. Criteria from the United Nations Sustainable 
Development Goals have been selected to examine and to prioritise 
these energy upgrade scenarios, using the Multi Attribute Utility Theory. 
It is observed that when criteria from the three pillars of sustainability 
(environmental protection, economic growth and social equity) are 
taken into consideration, the most intensive energy saving scenarios are 
not the most prominent ones, as their high costs are deliberated. From 
the sensitivity analysis made on the weighting factors of the examined 
criteria, it has become apparent that, depending on the weighting factor 
of each criterion, the ranking of the examined technologies changes, 
due to the complexity of the relationships between sustainability 
indicators. However, it is clear that eco-friendly materials are preferable 
solutions for the upgrade of the building envelope, when compared 
with conventional ones, despite their largest cost. Generally, as the 
replacement of HVAC systems is less expensive than the upgrade of the 
building envelope and promisingly efficient, when ecolabel systems are 
placed, it generally ranks higher than upgrading the building envelope. 
It is also worth mentioning that when the payback period of embodied 
energy and investment cost are taken into consideration, it seems 
better to leave the building as is, instead of taking energy upgrade 
actions that offer small energy savings, hence contribute to the increase 
of global GHG emissions. 

Based on these observations, the solutions that have been further 
investigated are the ones that satisfy both the goal (greenhouse gas 
emissions reduction) and the main obstacle (initial cost). The solutions 
highlighted by this multicriteria analysis have been the combination of 
the replacement of HVAC system, with the placement of solar collector 
for SHW for the residential sector and the replacement of lighting and 
HVAC system for the tertiary sector. These combinations can result in a 
rapid decrease of greenhouse gas emissions (94% in 15 years), with only 
2,8 billion € initial cost for the city’s building stock. The improvement of 
the building envelope and the installation of photovoltaic panels can 
follow in a second phase, as more expensive solutions, necessary for the 
conversion of the city building stock to carbon neutral. 
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From this analysis it is proved that the reduction of greenhouse gas 
emissions from the building sector in the City of Athens, it is important 
to initially promote (through financial tools, information actions, etc.) 
the discussed upgrade of HVAC systems and solar applications, and 
afterwards the upgrade of the building envelope, in combination with 
the installation of PVs on buildings. It has been proved that the zeroing 
of GHG emissions from the building sector in Athens can be feasible 
with existing technologies. However, in practice, the political will to 
invest money in the near and less near future, in combination with social 
and economic implications of the pandemic, as well as the structural 
resilience of these buildings can be serious obstacles in such visions. 

Nonetheless, electrification, the advocation of carbon neutral cities is 
not a panacea; up to date (2019), 29.3% of the total energy consumed in 
Athens for transport and stationary consumption (10,857 GWh) is 
electrical. When the rest of the energy for heating spaces and moving 
vehicles (7,679 GWh) are demanded from electrical generation plans, 
not only for Athens, but for the whole country, it is doubtful if Renewable 
Energy Sources will be able to provide the electricity needed to move 
vehicles and to operate buildings and industries. The implementation of 
energy saving measures should first be put forward, in order to achieve 
the reduction of energy consumption. The synergy of local and national 
efforts to mitigate greenhouse gas emissions is mandatory so as to 
reach sustainable goals. 

Such a proposal, of course, needs further investigation: a more detailed 
approach of the buildings of the tertiary sector, depending on the use, 
as well as more detailed consideration of dwelling typologies, are 
elements that should be taken into account in a more thorough 
investigation. Finally, in this theoretical analysis, the emissions 
corresponding to the energy consumed for activities such as cooking or 
domestic and tertiary sector appliances have not been taken into 
account, neither the energy improvement of such devices, which should 
be investigated more analytically in further research. 
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iThe Global Protocol for Community-Scale Greenhouse Gas Emission Inventories (GPC) [22] is a standard for 
city-level GHG emissions inventories; it is consistent with the IPCC guidelines, allowing for credible 
comparison and aggregation of emissions data across timescales and cities around the globe [100]. 
ii  No data is available on the annual consumption of biomass within the city; however, from air quality 
measurements in residential areas of the city [101-104], it is obvious that a significant amount of biomass is 
used within the city during winter period. 
iii CIRIS v.2.4 is an excel-based software, based on the GPC standard [22], designed to calculate and report city 
greenhouse gas emissions [100]. 
iv The survey has been electronic, in google forms (https://forms.gle/trEPMnAbQvFQt3F5A), from 21.03.2021 
to 28.09.2021, asking engineers to put a mark directly on each examined criterion, the averaged value of which 
is transformed into a weighting factor according to Ishizaka and Nemery [105]. 
v The assumed values for each component are analytically presented in [72]. 
vi The reduction of operational costs, as a means of eradicating energy poverty is a social equity criterion for 
the residency. Nonetheless, it can be considered both a social equity and an economic growth criterion for 
the tertiary sector. 
viiAll together the 11m2 panels / apartment which are placed on the building’s flat roof (5m2 thermal solar 
collectors and 6m2 photovoltaic panels) is the available area for solar collectors for the specific apartment on 
the examined building, taking into account the existing structures on the building roof top as well as avoiding 
the shading of the panels. In practice, this space is not granted on the roof of each residency within the city, 
taking into consideration the random structures that might exist on rooftops, as well as the private ownership 
of some roof tops in practice. Generally, available space for solar panels might exist on verandas, where they 
can act as shading devices, on building façades and balconies, which should be located for each building 
individually. 
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