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Abstract: Cities are currently responsible for an important part of energy consumption and green-
house gas emissions, justifying the need to develop measures to help them become more sustainable.
One of those measures can be to address under-utilized assets in cities, such as derelict buildings
with high potential for rehabilitation, and the establishment of new residence hubs within cities. Con-
sequently, this work establishes a novel framework for evaluating the impact of rehabilitating these
buildings in an urban area in Lisbon, considering the energy consumption associated with the usage
of the dwelling as well as the impact on mobility, since it was considered that these buildings will be
occupied by people who currently work nearby but live in the outskirts of Lisbon, favouring an urban
planning of proximity between home and work. To this extent, a methodology was developed for
selecting the buildings to be analysed and the commuting movements to be replaced. Then, buildings
were simulated in an urban building energy modelling (UBEM) tool, considering three rehabilitation
scenarios, and the required primary energy, CO2 emissions, and costs were calculated. Regarding
mobility, three new scenarios were compared with the current scenario. The results obtained con-
firm the high potential savings from the rehabilitation of derelict buildings and in the best-case
scenario—corresponding to the rehabilitation considering envelope insulation, the installation of
efficient windows, and the adoption of a heat pump together with a mobility standard targeting
15 min cities—reductions of 76% in primary energy and 84% in CO2 emissions were achieved.

Keywords: derelict buildings; energy retrofitting; urban mobility; UBEM

1. Introduction

Currently, more than 50% of the world’s population lives in cities, and this percentage
is expected to increase by 2050. Additionally, urban areas now account for 80% of global
GDP, as well as 75% of energy consumption and 70% of CO2 emissions [1]. In this sense,
cities will play a fundamental role in the energy transition to overturn climate change, with
building and mobility sectors being crucial areas to achieve these goals.

Furthermore, most buildings in Europe are far away from carbon neutrality targets,
with more than 70% of its building stock considered to be energy inefficient. At the
same time, the European Environment Agency [2] argued that built-up areas grew at a
higher pace than population, concluding that “over the past 20 years low density suburban
development in the periphery of Europe’s cities has become the norm, and the expansion of
urban areas in many Eastern and Western European countries has increased by over three
times the growth of population” [3]. The urban sprawl increment has serious environmental,
economic, and social consequences; it affects natural resources and ecosystem services, and
leads to higher costs for provisioning services, such as public transport, resulting in lower
social cohesion [4].

Institutions such as European Spatial Development Perspective (ESDP) [5], or sustain-
ability rating systems such as LEED [6], strongly encourage the pursuit of the concept of
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the ‘compact city’ (or city of short distances) as an approach to controlling the physical
expansion of cities, integrating land-use and transport more effectively, and reducing the
physical separation of daily activities. Compact neighbourhoods use land and infrastruc-
ture efficiently, avoid the fragmentation of wildlife habitats and farmland loss, conserve
economic resources, and slow the spread of low-density development across a region’s
landscape. Residents enjoy convenient access to shops, services, and public spaces within
walking and bicycling distance, and, when people choose to drive, they take shorter auto-
mobile trips, saving time and avoiding emissions. Compact development also facilitates
access to public transportation. Likewise, the 15 min city concept has gained relevance
to enhancing cities’ sustainability [7], as these cities are characterized by their residents
being able to go about their daily routines in a radius distance achievable by 15 min on
foot or bicycle. The use of soft mobility modes tackles traffic congestion and air pollution
(particles), some of the most significant concerns derived from compact cities.

In Lisbon, the urban sprawl has been motivated by the extreme difficulty the Por-
tuguese population faces acquiring or renting houses within the city. Different causes
justify this, including: the median sale value per square meter of family dwellings in the
city increased by around 76% between 2016 (1875 EUR/m2) and 2021 (3296 EUR/m2) (INE
2022b); long-term housing leases have suffered a reduction of 75% between 2015 and 2020
(supported by the growth of short-renting associated with high levels of tourism); and
the purchasing power of foreign investors completely outweighs the purchasing power of
Portuguese citizens (the median price of housing purchased by foreign buyers is more than
3 times that of national buyers) [8].

Retrofitting derelict houses constitutes a valuable solution by providing more housing
opportunities and taking advantage of the already occupied space for buildings in the city.
The rehabilitation of derelict buildings will increase the number of households available in
the city centre area and could reduce the market price or be used for lower rent housing
mechanisms (already established by the Portuguese state or Lisbon Municipality).

Information on the number of vacant dwellings is only available for some countries in
the EU. Housing stock and construction indicators from [9] suggests that the percentage
values of vacant dwellings out of the total dwellings in urban areas ranges from 3–4% in
Germany to 13–15% in Portugal, Spain, and Slovenia.

Data from the Lisbon City Council indicates that, in 2020, Lisbon had approximately
3000 derelict buildings in the city, corresponding to 7301 dwellings. The state of conserva-
tion of these buildings is, for most of them, “bad” or “very bad” (61.6%) [10].

Facing this, cities must adopt different measures to accommodate the expected popu-
lation increase, and the rehabilitation and reuse of derelict buildings is an effective way
to reduce urban sprawl and compacting existing cities [11] by making use of already built
areas in the cities.

Background on Urban Regeneration of Derelict Buildings Considering Mobility Actions

Urban energy modelling allows the analysis of different areas of urban policy, such as
studying the impact of different intervention measures and helping politicians and other
stakeholders to understand the most appropriate measures to reduce energy consumption
and achieve carbon reduction goals. Urban building energy modelling (UBEM) is defined
as a bottom-up, physics-based approach used to simulate thermal and energy performance
for neighbourhoods and cities. The overall goals of UBEM are precisely to provide data-
driven insights for different urban-level projects, such as urban planning, retrofits and new
neighbourhood development, and carbon reduction strategies, among others [12,13].

In the context of building adaptation projects, different terminologies are used in the
literature (e.g., refurbishment, retrofitting, rehabilitation, renovation, among others) and, in
practice, causing lack of clarity. In this sense, Shahi [14] developed, in 2020, a definition
framework for a precise categorization of building adaptation projects based on an exten-
sive literature review. This study distinguished first, at a high-level, refurbishment from
adaptive reuse, as the latter implies a change in a building’s function or use. Then, adaptive
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reuse can be divided in building conversion or material reuse, whereas refurbishment en-
compasses retrofitting (associated with energy improvements), renovation (associated with
architectural improvements), and rehabilitation (associated with structural improvements).

In 2019, Fonseca [15] developed a model (CEA) for the characterization of energy
consumption patterns of buildings at the level of neighbourhoods and municipalities,
presenting a practical case for the analysis of energy efficiency measures in buildings and
urban planning; showing, for each study area, the energy reductions due to the upgrade
of electrical equipment, improvements of the cooling system, and rehabilitation of the
building envelope; and also simulating, for a zone, four scenarios with different options of
urban development.

In 2017, Chen [16] used CityBES to simulate the impact of five energy conservation
measures on commercial buildings and the resulting cost savings, showing that, by applying
all measures, you can reduce the energy consumption by 23 to 38%, and that improving
HVAC systems or replacing windows is not compensatory in San Francisco, given the city’s
mild climate.

Furthermore, there are several studies on the possible impacts from retrofitting derelict
buildings and urban regeneration and the reuse of empty urban space to accommodate
the population increase in cities. In 2017, Gregório [17] estimated the impact that urban
retrofitting has on energy savings in 10 historic neighbourhoods in Portugal, concluding
that Lisbon has the greatest potential, achieving energy savings of 7.9 kgoe/m2 of useful
area per year.

Berzolla [18] stated in 2022 that, although building retrofit constitutes a valuable step
to achieve net zero emissions reduction goals in most municipalities, the current retrofitting
rate of 1% is not nearly enough to achieve the full technical potential by 2050, when most
communities’ net zero targets are set. The authors integrated UBEM workflows with a
complementary retrofit adoption model that is based on U.S. census data and underlying
adoption rates from their literature review, and consider home ownership, payback times,
and retrofit costs in relationship to household income. Authors tested 13,100 residential
buildings in Oshkosh, WI, and found that—even with optimistic adoption rates—projected
emissions reductions by 2050 fall below local carbon reduction goals due to less realistic
retrofit rates considered when defining the goals.

In 2011, Dulal [19] analysed the impact of urban morphology (housing density) and
housing and employment offers to reduce car dependency and greenhouse gas emissions,
concluding that, in the long term, adequate urban planning can be very effective through
the modal transfer from private car to public transport and pedestrian and cycling mobility,
especially for high density building areas. In 2020, Salter [20] used urban building energy
modelling (UBEM) tools to compare the relative effectiveness of policies aimed at improving
existing technologies at the building level and infill redevelopment. This study concluded
that the first has only a moderate impact on energy and emissions reduction, compared
to the second. In 2022, Jewell [21] studied the development of an energy infrastructure in
the Santo António valley in Lisbon, using an UBEM tool to model energy services at the
neighbourhood level, i.e., the heating and cooling, domestic hot water and electricity needs.
This study demonstrated the impact of building retrofit on heating needs, showing that the
renovation of the building envelope enables reductions of 15% in energy consumption and
increases building occupants’ thermal comfort.

In 2018, Kim [22] assessed different typologies of urban vacant land to help policymakers,
planners, and designers utilize them to the best advantage. This study was based on a
literature review of urban vacant land typologies, a broad field assessment of vacant land
in Roanoke (Virginia, USA), and a detailed field assessment of the different types of vacant
land to test the new typology. In this way, vacant land in Roanoke was divided in five
categories: post-industrial sites, derelict sites, unattended with vegetation, natural sites,
and transportation-related sites. For the derelict sites, this study considered that they
have potential to be used as community assets, as their redevelopment could improve
the property value, lower illegal activities, improving safety, and decrease the municipal
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budget associated with the maintenance of derelict buildings. In this sense, municipalities
can provide incentives, as tax abatements, to encourage the redevelopment of derelict sites.

The literature review shows a considerable amount of research related to vacant
buildings. However, the focus is almost exclusively directed to the building itself, not
accounting other benefits that may be achieved with the rehabilitation, that could be, for
example, mobility related. This work fills this gap by considering a broader approach,
where the rehabilitation of the vacant buildings is a step for a more sustainable urban life,
based not only on energy efficient retrofit, but also on a proximity urbanism where the
inhabitants of these buildings live close to their workplace, in contrast with suburbanization
that requires long commutes. Consequently, this work evaluates the combined building
and mobility impacts of the retrofit of derelict buildings, considering the operational energy
consumption, CO2 emissions, and associated costs.

2. Materials and Methods

To achieve the desired objectives, it was initially necessary to define a framework to
select the buildings to be simulated using the UBEM tool (City Energy Analyst (CEA) [23])
and the commuting movements to be replaced. Next, the scenarios to be studied were
defined. Finally, the key performance indicators and the quantification of impacts analysed
is explained. Figure 1 presents the steps of this framework.
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2.1. Derelict Building Stock Selection

The case study of this work considers 3 parishes in Lisbon (Beato, Marvila, and Parque
das Nações). These parishes are heterogeneous when referring to demographics and
construction period. Beato and Marvila present more derelict buildings when compared
with the newer area of Lisbon (Parque das Nações).

Due to the high number of derelict buildings in Lisbon, a selection must be made.
In the shapefile considering these 3 parishes of Lisbon [24], 153 derelict buildings for
residential use were identified. It was then necessary to establish a criterion for selecting
derelict buildings, since these buildings are widely dispersed throughout the city. In this
way, the proposed methodology considered the following conditions:

• The buildings must be in consolidated areas, that is, areas where an urban structure
is already defined, since these buildings would be more likely to be rehabilitated. To
apply this condition, buildings located in neighbourhoods (national statistical subsec-
tions) where the proportion of derelict buildings was greater than 30% were excluded,
since these areas have been abandoned, possibly because they do not have the expected
conditions for a modern city, e.g., contaminated soils among other reasons.
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• The buildings must have a regular format, since in the original georeferenced file
several buildings have an irregular shape, some of which having very narrow areas
and unrealistic shapes, possibly resulting from errors in the georeferencing of these
buildings or again representing old industrial facilities. To this end, we defined
the smallest rectangle that must encompass the building, and excluded those where
the area of this rectangle is greater than twice the building area of the building.
Additionally, buildings polygons with more than 12 vertices were excluded since they
would probably correspond to unrealistic shapes.

• Selected buildings must have other derelict buildings in their neighbourhood, in order
to promote integrated efforts, which are important to encourage rehabilitation. To
apply this condition, we considered only derelict buildings which have 4 or more
derelict buildings within a radius of 150 m.

The application of these filters excluded 82% of buildings in the initial set, resulting in
28 buildings to be refurbished.

2.2. Commuting Movements

To select the commuting movements to be replaced, the indicator selection of pendular
movements (SMP) was used (Equation (1)) for each zone outside the Lisbon municipality
considered in the national survey for mobility IMOB (INE, 2017). These zones defined for
each municipality correspond to sets of parishes with similar mobility patterns, according
to the IMOB.

SMP(g) =
CO2emissions(car)

Kilometer
× Cartrips

Trips
× Trips

∑zones Trips
× Kilometers

Trips
(1)

The SMP combines the average CO2 emissions (gCO2/Km) of the cars registered
in the zones concerned [25] with the car modal share in the trips made from each area
to the case study area (where the derelict buildings analysed are located) and with the
representativeness of these trips multiplied by the trip length between zones. This value is
an approximation, as it only considers the emissions associated with car trips, which are
the ones to be avoided by the shift in location of residence.

This study considers replacing trips with high SMP to the case study area, by assuming
that those families would be relocated to the derelict buildings to be refurbished. Since
there are 44 zones outside the Lisbon municipality, only the five highest emission zones
were selected: zone 2 of Mafra municipality; zones 1 and 4 of Sintra municipality; zone 2 of
Loures municipality; and zone 1 of Vila Franca de Xira municipality (see Figure 2).
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3. Intervention Scenarios

This section presents the various scenarios considered for buildings retrofit, mobility
shift patterns, and their combination (cross-sectorial).

3.1. Buildings

For buildings, three scenarios were studied (as detailed in Table 1), by considering
costs, thermal transmission coefficients of envelope constructive solutions, and HVAC and
hot water equipment efficiencies taken from [26]):

• Scenario E1: it was considered that the characteristics of the existing buildings were
maintained (e.g., gross floor area and number of floors). The currently derelict build-
ings would have only the minimally necessary rehabilitation to become habitable,
with no improvements from a thermal point of view in the building envelope. As for
the equipment, the adoption of electric heaters per dwelling and a gas heater for DHW
was considered for heating.

• Scenario E2: it is considered that the buildings will undergo extensive rehabilitation
and retrofit with an increase in the number of floors to the maximum number of floors
existing in their neighbourhood, leading to an increase in the number of dwellings
(and occupation). The opaque envelope will be thermally insulated, and windows
replaced. Electric heaters are replaced by air conditioning.

• Scenario E3: As in the previous case, the buildings will undergo extensive rehabili-
tation and retrofit with an increase in the number of floors to the maximum existing
in their neighbourhood. Higher insulated solutions for the envelope are adopted,
as well as better windows, more efficient equipment (for both HVAC and hot water
equipment), and a PV system per building (50% of available rooftop area).

Table 1. Building intervention scenarios: thermal coefficient values and equipment efficiencies.

Interventions Scenario 1 Scenario 2 Scenario 3

Characteristics Cost Characteristics Cost Characteristics Cost

Walls

- -

80 mm EPS 150
(U = 0.455) 41 EUR/m2 80 mm EPS 150

(U = 0.455 W/(m2K)) 41 EUR/m2

Floor 100 mm EPS 150 (U = 0.320) 13.5 EUR/m2 100 mm EPS 150
(U = 0.320 W/(m2K)) 13.5 EUR/m2

Roofs 100 mm EPS 150 (U = 0.365) 13.5 EUR/m2 100 mm XPS
(U = 0.326 W/(m2K)) 25 EUR/m2

Glazed windows Double glazed window
(U = 2.2) 260 EUR/m2

Double glazed window
with thermal cut

(U = 1.2 W/(m2K))
380 EUR/m2

HVAC Electrical heaters
(η = 100%) EUR 874 Air conditioned (cop = 3.5) EUR 1337 Heat pump air water

(COP = 3.69) EUR 3750
Hot water gas heater (η = 88%) EUR 1400 gas heater (η = 88%) EUR 1400

Photovoltaic panels - - - - PV system (η = 16%) 1400 to 2000 EUR/kWp

These scenarios results are compared with the average values for the Portuguese
population, obtained from [27], corresponding to a final energy consumption of 7 MWh
annually per dwelling, of which 3.4 MWh are electricity consumption. Only natural gas
will be considered as a source for the remaining energy consumption (3.6 MWh). The
operating cost, taken from the same reference, is EUR 1079 per year. Primary energy,
CO2 emissions, and average cost are 9.4 MWh, 1.4 t CO2, and EUR 1193, respectively per
dwelling for an annual period and adopting the same investment cost as the one obtained
for the E1 scenario.

For the combined scenarios, these values will be referred to, by ease of language,
as scenario E0 (this scenario has no correlation with the derelict buildings analysed, it
expresses only the average Portuguese building).

3.2. Mobility

To analyse the impact of the retrofit on mobility four scenarios were studied:
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• Scenario M0 (Base): This scenario considers the situation prior to the retrofit of the
derelict buildings, where people still live in their respective zones with the modal
partition currently adopted there.

• Scenario M1: Considers that the derelict buildings analysed in this work are occupied,
with the current modal partition of that zone.

• Scenario M2: The strategic vision of the Lisbon municipality for mobility in 2030 is
considered [28], where there is a significant decrease in the car modal share. To achieve
this goal, partial replacement of car journeys to other means of transport is necessary;
we achieve this by adopting the methodology of [29], where, for various distance
ranges, the % of trips that are transferred from the car to other modes of transport
is assumed.

• Scenario M3: More ambitious version of the previous scenario, where a greater adop-
tion of the soft transportation modes, such as bicycles and pedestrian mobility, is
assumed, bringing the current urban area closer to the 15 min city model concept.
Thus, the modal share of the car, bus and metro is reduced by 20%, and these trips are
distributed between pedestrian and cycling mobility.

The modal shares associated with the different mobility scenarios are presented in
Figure 3, where for scenario M0 the average of the five zones considered is used.
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The combination of building and mobility results in 10 new scenarios (mobility sce-
nario M0 cannot be combined with the derelict buildings retrofit scenarios). Finally, mobility
scenario M0 is also combined with the average values regarding Portuguese buildings
energy consumption. These scenarios will be named, joining the name of the building
and mobility scenarios (for example, scenario M1E2 is the combination of scenario M1 for
mobility and E2 for the building retrofit).

3.3. Assessment of Impacts

The performance variables aim to evaluate the impact of the previously defined
scenarios and were grouped into energy consumption, CO2 emissions, and costs. The
cost analysis includes three types of costs: operational, investment, and average costs.
Average cost refers to the total cost divided by the solution’s useful life. In this way, for
the buildings, a useful life of 20 years was considered for the materials and equipment,
while for the mobility, we assumed a useful life of 200,000 km for the car and 20,000 km for
the motorcycle.
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4. Energy Consumption
4.1. Building Operation

For the buildings, the analysis of annual useful energy (MWh) by type of use and
energy source was carried out in the CEA software. The CEA requires inputs concerning
buildings shapefile, constructive solutions, HVAC and hot water equipment, use schedules,
and meteorological data. The CEA can consider up to three uses per building. Thus, from
the IMOB data, the population was analysed by working condition. Since relocation is more
attractive for people who work and study, these two cases were considered. In this case,
72.3% of the population sample considered was employed and 27.7% was still studying.

4.2. Commuting Movements

The required energy annually for the commuting movements per capita, considering
the energy spent in the use and production of energy source phase, i.e., the primary energy,
also corresponds to a performance variable and will be calculated using Equation (2).

Primary Energy (MJ) = ∑z (xz × dz × ∑m (ymz × Fem)), (2)

where z corresponds to the zone where the inhabitants live, xz identifies the fraction of
the number of inhabitants of each zone who will live in the currently derelict buildings,
and m establishes the transportation modes. Thus, ymz is the modal share of each mode of
transport for each zone, dz the distance travelled per trip (km per zone), considered the
same for each mode of transport, and Fem is the primary energy consumption in energy
per passenger-kilometre per mode of transport (MJ/(pass·km)).

The annual CO2 emissions of the commuting movements will be calculated consider-
ing both the vehicle use and energy source production phases (Equation (3)).

CO2 emissions(g) = ∑z (xz × dz × ∑m (ymz × Fcmz)), (3)

where Fcmz are the vehicle use and energy source production CO2 emissions in gram per
passenger-kilometre per mode of transport (g/(pass·km) for each zone and the remaining
variables have the meanings previously presented for the primary energy.

Finally, the annual operational, investment, and average cost for mobility per capita
will also be considered, (Equations (4)–(6)):

Operation cost (EUR) = ∑z (xz × dz × ∑m (ymz × Fomz)), (4)

Investment cost (EUR) = ∑m

(
Fim × Tm × ∑z (xz × ymz)

)
, (5)

Average cost (EUR) = ∑z

(
xz × dz × ∑m (ymz × Ftmz

)
)

, (6)

where Fomz is the operational cost factor per transportation mode per zone, Fim corresponds
to the investment factor per transportation mode, Ftmz represents the total cost factor per
transportation mode and zone, all in euros per passenger-kilometre (EUR/(pass·km)),
Tm (km) corresponds to the total kilometres of the useful life of each transport mode, and
the remaining variables have the meanings shown in the energy section. Only investment
costs for cars and motorcycles were calculated, as the remaining means of transportation
do not require investments.

Table 2 indicates the factors for the different transport modes necessary to calculate
the primary energy, emissions, and investment costs, except for the emission factor for the
car indicated in Table 3. This table also presents the variables xz and dz for the different
zones. Finally, Table 4 shows the factors Fomz needed to calculate operating costs. These
values were obtained based on the work of [29] for the use phase, and, for the production
phase, the same primary energy factors and CO2 emissions by final energy were used in as
the building section for electricity. For the remaining fuels, data from [30] were considered.
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The value of the operating cost for the metro, train, and bus was calculated based on the
cost of the metropolitan pass in AML (EUR 40 per capita). The Ftmz factor for the average
cost is the sum of the factor for the investment and the operating cost.

Table 2. Factors for the different modes of transport.

Mode of Transport Fem

(
MJ

pass·km

)
Fcmz

(
g

pass·km

)
Fim

(
EUR

pass·km

)
Car 2.3 0.12

Bus 1.3 98.5 0

Motorcycle 1.4 76.1 0.06

Metro 1.2 31.4 0

Train 2.7 73.0 0

Bicycle 0 0 0

On foot 0 0 0

Table 3. Fraction of inhabitants in scenario M0, distance per trip, and CO2 emissions in the vari-
ous zones.

Zone Lisbon 3 Mafra 2 Sintra 1 Sintra 4 Loures 2 VFX 1

xz (%) - 10.6 18.3 6.6 39.3 25.2

dz (km) 4 43.7 26.1 31.2 6.6 12.6

Fcmz

(
g

pass.km

)
144.6 137.5 137.3 141.7 139.9 140.7

Table 4. Operating cost factor Fomz (EUR/pass·km).

Areas Mafra 2 Sintra 1 Sintra 4 Loures 2 VFX 1 Lisbon 3

Car 0.19 0.19 0.19 0.19 0.19 0.19

Bus 0.051 0.030 0.032 0.043 0.040 0.093

Motorcycle 0.06 0.06 0.06 0.06 0.06 0.06

Metro 0.051 0.030 0.032 0.043 0.040 0.093

Train 0.051 0.030 0.032 0.043 0.040 0.093

Bicycle 0.02 0.02 0.02 0.02 0.02 0.02

On foot 0 0 0 0 0 0

We considered for the combined analysis a total number of 179 dwellings, the maxi-
mum number of dwellings at the building level. The number of dwellings in each rehabili-
tated building was determined based on the occupancy rate in persons per square metre
from the CEA software: 30 m2/person for multi-residential buildings and 50 m2/person for
single-residential buildings. Thus, based on the area of each building, the software was able
to calculate its occupancy. In addition, we assumed a figure of 2.25 persons per dwelling
based on an analysis of Portuguese census data. In this way, the buildings analysed have
on average 203 m2 per floor and 1.9 floors. In scenarios E2 and E3, the average number of
floors increases to 3.5. In the case where the rehabilitated buildings do not have as many
dwellings, as in scenario E1, which has only 82 housing units, it is considered that the
families living in the remaining number of dwellings stay in their original area, with the
average housing energy consumption. Since the mobility results are given per capita, it is
necessary to pass them to a dwelling basis. Thus, we assumed that 2 of the 2.25 persons per
dwelling would be of working age and, therefore, change their mobility pattern.

5. Results

The results are divided between buildings, mobility and combined scenarios.
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5.1. Buildings

Figure 4a presents the results of the total and per dwelling annual useful energy (en-
ergy that goes towards the desired output of the end-use application [31]) for the different
scenarios. It is possible to observe that a large useful energy consumption (13 MWh) in
scenario E1 is primarily due to heating needs. This is a consequence of the poor thermal
insulation, as the rehabilitation defined did not consider any improvement in the envelope.
Thus, the better insulation and windows of the E2 scenario and, especially, the E3 scenario
result in a reduction in useful energy for heating. The reduction in useful energy achieved
in scenario E3 compared to scenario E2 is of 0.8 MWh, a decrease of 14%. In the total results,
the high energy need for heating in scenario E1 is also observed, which makes the useful
energy required in this scenario approximately equal to that of scenario E2. However, the
first scenario only has 46% of the number of dwellings compared to the second. In scenario
E3, a reduction of 141 MWh in useful energy (−13%, compared to E1) is achieved.
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Figure 4b displays the annual final energy (consumed by end users [31]) showing that
the results previously achieved per dwelling are now amplified. This is due to the adoption
of the air conditioning and heat pump (more efficient equipment). Reductions of 9 MWh
(−67%) and 11 MWh (−80%) are achieved per dwelling compared to scenario E1. Hence,
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in addition to the insulation adopted, the choice of equipment is also a relevant factor in
the retrofit of these buildings.

Figure 5 presents the final and primary annual energy consumption per source for the
different scenarios, showing the total and per dwelling values. The E1 scenario has a high
electricity consumption, since it was utilised electric radiators for heating. The consumption
of natural gas in this scenario is due only to the domestic hot water needs, as in the E2
scenario, and corresponds to 18% of the energy. The E3 scenario only uses electricity, unlike
the E2 scenario where natural gas is the source of 44% of energy. The last scenario has a
photovoltaic solar system, allowing reduced dependence on the electricity grid, making up
25% of the electricity consumption, and enabling the sale of the solar surplus.
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Overall, scenario E1 consumes 1744 MWh of primary energy, while scenarios E2 and
E3 consume, respectively, 1141 MWh and 727 MWh, achieving a reduction of 35% and
58%, even though scenarios E2 and E3 have more than twice the housing units as in the
E1 scenario.

Compared to the average annual energy consumption per dwelling in Portugal of
7 MWh and 9.4 MWh for the final and primary energy, respectively, there was a significant
increase in the first scenario. It should be stated, however, that these reference average
consumption values reflect the energy poverty issue that severely affects Portugal [32].
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In fact, one of the keys aspects that contributes to Portuguese fuel poverty is related to
the low use of acclimatization systems due to economic and behavioural reasons. In this
work, better comfort standards were considered, justifying this discrepancy between real
and modelled values. Thus, E2 and E3 retrofits are important to not only reduce energy
consumption but also increase the current thermal comfort of households.

Table 5 shows the emissions in the different scenarios. Even with the increase in
the number of dwellings, the scenarios E2 and E3 allow a considerable reduction of CO2
emitted (also higher in E3 due to the adoption of the photovoltaic solar system).

Table 5. Carbon dioxide emissions for the buildings scenarios (annual).

Scenario CO2 Emitted (t) CO2 Avoided (t and %)

Total values

E1 196 0 (0%)

E2 158 38 (−19%)

E3 59 137 (−70%)

Values per dwelling

E1 2.4 0 (0%)

E2 0.9 1.5 (−63%)

E3 0.3 2.1 (−86%)

Compared to the emissions associated with the average energy consumption in Portu-
gal (1.4 t CO2 per dwelling), the importance of E2 and E3 retrofit options is reinforced.

To complete the analysis, it is necessary to consider the investment cost of the defined
retrofits, as well as the operational cost, shown in Table 6. In scenario E1, the investment
cost is quite low, since it was considered only necessary to purchase the equipment for
space heating and domestic hot water. The photovoltaic solar system contributed to lower
operating costs for E3.

Table 6. Investment, operational and average costs for the buildings scenarios (annual).

Scenario Investment Operating Cost Average Cost Average Cost Change (%)

Total amounts (103 EUR)

E1 186 215 225 0 (0%)

E2 4470 129 352 127.8 (56.9%)

E3 5432 81 353 128.4 (57.1%)

Values per dwelling (EUR)

E1 2274 2626 2740 0 (0 %)

E2 24,973 721 1969 −771 (−28.13%)

E3 30,348 455 1972 −768 (−28.02%)

The cost adjusted to the number of dwellings reflects the decrease in average cost
for the retrofitted E2 and E3 scenarios, representing a reduction of nearly
EUR 770 per dwelling per year, a considerable value for many families. Thus, this re-
inforces, once again, the importance of the adoption of energy-efficient solutions, which
allow a reduction in energy costs of households per year. On the negative side, the high
investment costs, about EUR 25,000 in scenario E2 and EUR 30,000 in scenario E3 per
dwelling, may persuade some families and investors to choose less efficient solutions.

The operational cost associated with energy consumption in Portugal is EUR 1079 per
dwelling, thus showing that E2 and E3 retrofits not only reduce energy and emissions, but
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also reduce energy bills. The average cost is EUR 1193, however, it is important to reinforce
once again that the comfort standards adopted are different. Thus, the cost of E2 and E3
retrofits may be higher than the current costs; however, higher energy comfort within the
dwelling will also be obtained.

Table 7 summarizes the results obtained at the building level and shows the price paid
for energy and emissions reduced.

Table 7. Energy, emissions, and costs for the building’s scenarios.

Scenario E1 Scenario E2 Scenario E3

Number of dwellings 82 179 179

Values per dwelling per year

Energy consumption (GJ) 77 23 15

Energy saved (GJ) 0 54 62

CO2 emitted (t) 2.4 0.9 0.3

CO2 avoided (t) 0 1.5 2.1

Average cost (EUR) 2740 1969 1972

Cost per energy and reduced emissions

EUR/GJ saved - 37 31

EUR/t CO2 avoided - 1310 939

It can be concluded that scenario E3 has the best cost–benefit ratio, both in terms of
energy and emissions, despite having an average cost slightly higher than the E2 scenario.
Given the competitiveness between these two scenarios in relation to costs, it may be
important to create aid mechanisms that favour the adoption of the scenario E3 solutions
in order to guide cities towards more energy efficient and low-carbon options. It is also
interesting to note that scenario E3 allows a reduction of approximately 16% in the cost
per energy saved compared to the E2 scenario, while the reduction of the cost for avoided
emissions is around 28%.

5.2. Mobility

The annual primary energy consumed per capita on daily commuting is shown in
Table 8. The M0 scenario, corresponding to the current scenario, was the scenario with
the highest consumption, as would be expected given the distance of travel and the great
dependence on the car in these commuting movements. The M1 scenario already presents
a very significant reduction in energy consumption (−76%), which might not be expected,
as this scenario increases the car dependence for the home–work path. Thus, the distance
from commuting movements represents a great contribution to energy consumption. In the
M2 scenario, the adoption of more sustainable and efficient transportation allowed an even
greater reduction in energy consumption, with a decrease of 0.6 MWh compared to the
previous scenario (−35%), and 6.2 MWh compared to scenario M0 (−85%). In scenario M3,
there was a reduction of three percentage points from the previous scenario, i.e., a saving of
88% of energy compared to the base scenario. The reduction for this last scenario compared
to the M1 scenario was 47%, and 18% for the M2 scenario, showing that the adoption of
the 15 min cities model can reduce almost to half the energy associated with the current
mobility scenario in Lisbon 3.



Energies 2023, 16, 3677 14 of 19

Table 8. Primary energy per capita and CO2 avoided for the mobility scenarios (annual).

Scenario Energy Consumption (MWh) Energy Variation (MWh and %) CO2 Avoided (kg and %)

M0 7.3 0 (0 %) 0 (−0%)

M1 1.7 5.6 (−76 %) 1195 (−76%)

M2 1.1 6.2 (−85 %) 1331 (−85%)

M3 0.9 6.4 (−88 %) 1379 (−88%)

Table 9 presents annual emissions per capita for the different mobility scenarios. As it
can be seen, it is also in the current scenario where emissions are higher, for the same reasons
indicated earlier for the primary energy. The adoption of more efficient transport modes
and 15 min cities reduces the emissions significantly. It is noteworthy that, even in the M1
scenario, emissions already show a very significant reduction (−76%), demonstrating the
impact of an urban planning focused on the proximity between home and work. In relation
to this scenario, there is a reduction of 136 kg of CO2 per capita (−36%) for scenario M2
and a reduction of 184 kg of CO2 per capita (−49%) for scenario M3. In this last scenario,
there is a reduction of 48 kg of CO2 emitted (−20%), compared to scenario M2.

Table 9. Investment, operational and average cost per capita for the mobility scenarios (annual).

Scenario Investment (EUR) Operating Cost per
Year (mEUR)

Average Cost per
Year (mEUR) Cost Change (EUR)

M0 15,589 1879 3036 0 (0%)

M1 20,558 512 824 2212 (−73%)

M2 8183 325 452 2585 (−85%)

M3 6503 265 366 2670 (−88%)

Finally, the annual costs per capita associated with each scenario are shown in Table 8.
The required investment increased in scenario M1, though decreasing in the remaining
scenarios, relative to scenario M0. This is due to the modal share of individual motor
vehicles, i.e., cars and motorcycles, since only these have an investment cost associated. On
the other hand, the operating cost presents a decreasing trend in the different scenarios,
the much higher value in the M0 scenario being noteworthy. This scenario, even with, on
average, a modal share of individual motor vehicles lower than the M1 scenario, has a
much longer distance to travel, which corresponds to higher fuel expenditures. For the
mobility costs, contrary to what occurs with the results at the building level, there is not an
inverse proportionality between the operational cost and the necessary investment, as the
scenario that has the lowest operational cost has also the lowest investment cost.

The average cost, calculated considering the investment distributed over the car/motor-
cycle’s life, also shows a behaviour similar to the operating cost. Thus, for scenario M1,
even with a higher acquisition cost than scenario M0, the reduction in operational cost is of
such magnitude that it corresponds to a 73% decrease in the average cost. The remaining
scenarios, which have a greater decrease in the modal share of the car, are also able to
reduce the average cost by 12 percentage points for the M2 scenario, and by 15 percentage
points for the M3 scenario, compared to the M1 scenario.

Thus, it is possible to realize that the reduction of commuting distance, as well as
the adoption of sustainable transport modes, enables not only a reduction in energy and
emissions, but also the cost associated with mobility. It is noteworthy that these gains are
higher in the M3 scenario, showing the potential of the 15 min city model and the adoption
of active transportation means, which has other positive externalities, such as the increase
in physical exercise performed, contributing to a healthier lifestyle.
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Table 10 presents the results for the price paid for energy and emissions avoided. Thus,
the most economically effective scenario to reduce energy and emissions is the M3 scenario,
closely followed by the M2 scenario, whose adoption would already have substantial gains
compared to the M1 scenario.

Table 10. Cost per energy savings and emissions avoided.

Scenario M1 Scenario M2 Scenario M3

EUR/GJ saved 41 21 16

EUR/kg CO2 avoided 0.7 0.34 0.27

Hence, it is important to develop measures enabling this more concentrated urbanism,
starting with that analysed in this work; that is, the rehabilitation and retrofit of the derelict
buildings allowing an increase in the housing supply, among other measures aimed at
reducing the cost of buying or renting near working areas. Measures with the objective of
improving the modal share of bicycles and pedestrian mobility must also be developed to
achieve sustainable cities.

5.3. Combined Scenarios

Table 11 presents all the variables of interest for the combined scenarios by dwelling.
For each column, a darker colour corresponds to the best-case scenario. The higher primary
energy consumption corresponds to the M1E1 scenario, followed by M0E0, M2E1, M3E1,
where in the base scenario (M0E0), there is a significant reduction in the building energy
consumption and an increase in the mobility component. This scenario has also the highest
CO2 emissions. For costs, scenario M1E3 is the one with the highest investment cost, closely
followed by scenario M1E2, while lower investments costs are observed for M0E0 scenarios
and the set of E1 scenarios. Similarly, to the emissions, the adoption of any of the combined
scenarios results in a reduction in the average and operational cost compared to the base
scenario (M0E0). Table 11 also shows the cost per energy saved and avoided emissions. The
M3E3 scenario has the best cost–benefit ratio in both indicators, achieving a reduction of
76% in the primary energy consumed and 84% in the CO2 emissions. Hence, this scenario
is the most appropriate for the sustainable development of cities.

Table 11. Energy, emissions, and costs for the combined scenarios per dwelling (annual).

Scenario Energy (GJ) Energy Saved
(GJ and %) Emissions (t CO2) Avoided Emissions

(t CO2 and %)
Average Cost

(mEUR) EUR/GJ Saved EUR/t CO2
Avoided

M0E0 87 0 (0%) 4.5 0 (0%) 7.3 - -

M1E1 88 −1 (1%) 3.9 −0.6 (14%) 6.7 <0 <0

M1E2 35 51 (59%) 1.6 2.9 (64%) 3.6 71 1244

M1E3 27 60 (69%) 1.1 3.5 (76%) 3.6 61 1046

M2E1 86 1 (1%) 3.8 0.8 (17%) 6.5 >>100 >>1000

M2E2 31 56 (64%) 1.4 3.2 (70%) 2.9 52 903

M2E3 23 64 (74%) 0.8 3.7 (82%) 2.9 45 770

M3E1 85 2 (2%) 3.7 0.8 (18%) 6.5 >>100 >>1000

M3E2 29 57 (66%) 1.3 3.3 (72%) 2.9 50 877

M3E3 21 66 (76%) 0.7 3.8 (84%) 2.7 41 706

5.4. Potential City-Wide Impacts

Currently, in Lisbon, there are 7301 dwellings located in derelict buildings [10]. Thus,
following the assumptions and results of this work, the rehabilitation and retrofit of all these
housing units would result, for the building component, in a primary energy consumption
of about 560 TJ annually according to the standards of scenario E1, 170 TJ for the retrofit
standards in scenario E2, and 100 TJ if the solutions of scenario E3 were adopted. Similarly,
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for carbon dioxide emissions, annual savings are estimated at 10 kt, 17 kt, 6 kt, and 2 kt for
the E0, E1, E2, and E3 scenarios, respectively.

As for mobility, the primary energy spent on commuting, considering the same dis-
tance per trip from Lisbon 3 (4 km/trip), would be, for the scenarios M1, M2, and M3,
approximately 90 TJ, 60 TJ, and 45 TJ, respectively. Applying the same assumptions to the
M0 standard energy consumption would be of 400 TJ. However, in this scenario the zones
with higher CO2 contributions (high SMP) were selected and, therefore, the value may
be an overestimation of the average primary energy spent in AML. As for emissions, the
adoption of the M0, M1, M2, and M3 standards would result in a carbon dioxide emission
of 23 kt, 5 kt, 3,5 kt, and 2,5 kt, respectively. Similarly, the value for the M0 scenario may be
an overestimation. Still, the difference for the M1 scenario is significant, highlighting a great
potential for energy and emissions savings. Reducing the weight of the car in commuting
movements and adopting the 15 min city model allows these gains to amplified.

To combine the effects of mobility and buildings, it is necessary to add the values of the
considered patterns. Thus, if the E3 scenario and M3 mobility pattern are combined, a total
primary energy consumption of 150 TJ and 5 kt of CO2 emitted are achieved, compared
to the M0E0 scenario, with a primary energy consumption of 600 TJ and CO2 emissions
of 30 kt. Thus, the rehabilitation and retrofit of vacant buildings enables the reduction
of energy consumption by up to 450 TJ and CO2 emissions by 25 kt, a reduction of 2.5%
compared to the 18,000 TJ of total primary energy consumed in Lisbon by the buildings
and transport sectors and the 1 Mt of CO2 associated with this consumption [33].

6. Conclusions

This work evaluates the impact of the rehabilitation and retrofit of derelict buildings
in Lisbon, considering that they will be inhabited by people who currently work nearby to
those buildings, but live in the city outskirts and have a considerably polluting commuting
movement. The first step consisted of the selection of the derelict buildings and of the
commuting movements to be replaced; hence, a methodology was developed for this
purpose. Then, the different intervention scenarios were defined, and the primary energy,
CO2 emissions, and associated costs for both mobility and buildings were calculated.

Thus, for buildings, annual primary energy consumption values per dwelling of
21.3 MWh, 6.4 MWh, and 4.1 MWh were obtained for scenarios E1, E2, and E3, re-
spectively. In terms of annual CO2 emissions, results of 2.4 t, 0.9 t, and 0.3 t were ob-
tained in the same order, with an average cost of operation of EUR 2740, EUR 1969, and
EUR 1972 per year. These results are comparable with the average national energy con-
sumption, CO2 emissions, and cost, estimated at 9.4 MWh, 1.4 t, and EUR 1193, respectively.
It is of crucial relevance to highlight the fact that the reinforcement of structural elements
was not considered in both scenarios 2 and 3, in which we proposed to increment the exist-
ing numbers of floors. Although out of scope of this work, the feasibility analysis for each
retrofit process must be assessed and the costs may alter the comparison between scenarios.

For mobility, the annual per capita energy consumption achieved was 7.3 MWh,
1.7 MWh, 1.1 MWh, and 0.9 MWh, respectively, for scenarios M0, M1, M2 and M3, with
emissions of CO2 per capita per year of 1568 kg, 373 kg, 237 kg and 189 kg following the
same order and an average cost of EUR 3036, EUR 824, EUR 452, and EUR 366. Currently,
considering both sectors, there is an annual consumption of 24 MWh of primary energy,
4.5 t CO2 emitted, and an average cost of EUR 7300 per dwelling. The adoption of the most
ambitious scenario for building retrofit and mobility would allow for annual results of
5.8 MWh for primary energy, 0.7 t CO2 emitted, and EUR 2700 for the average cost, thus
achieving significant reductions in all variables of interest.

Considering all the results achieved, for buildings and mobility, the scenario with the
highest cost–benefit ratio is the third scenario. As a result, it is also the combination of
these two scenarios (M3E3) that has the best cost–benefit ratio.

At the Lisbon city level, if all the derelict buildings were rehabilitated and retrofitted
with the E3 standard and its inhabitants adopted the M3 mobility standard, it would be
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possible to reduce primary energy consumption by around 450 TJ per year and carbon
dioxide emissions by 25 kt per year, which corresponds to a reduction of 2.5% compared to
the current energy consumption and CO2 emitted.

Thus, it is concluded that the adequate retrofitting of derelict buildings in Lisbon has
a great potential to reduce energy and emissions as well as operational cost. However,
the initial investment is quite significant, so it is important to create policies that facilitate
it. Policies supporting passive retrofit measures, efficient HVAC and DHW equipment, and
renewable energy systems already exist in Portugal, such as those endorsed by Fundo Ambi-
ental. In the case of the rehabilitation of buildings intended to lower rent housing mechanisms,
socio-economic parameters should be included to avoid gentrification problems.

Added to these, we demonstrate that there are significant gains in mobility, achieved
by promoting the home–work proximity that contributes to the sustainable development
of cities, as well as the adoption of more sustainable transportations means and the concept
of 15 min cities. Thus, it is important to have public transport alternatives that can be
competitive with the use of cars, and encourage the adoption of active modes, such as
cycling with the creation of new dedicated cycle lanes, and pedestrian mobility, as well as
reducing housing costs inside the city. Additionally, mobility criteria should be included in
the attribution of lower rent housing mechanisms, namely establishing a maximum radius
for employment location, giving preference to people working nearby.
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Nomenclature

AML Lisbon Metropolitan Area
DHW Domestic hot water
HVAC Heating, ventilation and air-conditioning
IMOB Mobility Survey (Portuguese: Inquérito à mobilidade)
PV Photovoltaic Panels
UBEM Urban building energy modelling
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