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Abstract: Valladolid (Spain) is a medium-size city (~300,000 inhabitants) that established a green-
house (GHG) emissions reduction target in 2011 of 20% from 2010-2020. However, tracking the
evolution of GHG in medium-size cities is challenging due to the general lack of compulsory data
collection at this scale and issues with boundaries when attempting alternative estimates. Here, we
propose and apply a novel method to estimate the evolution of GHG emissions due to energy
consumption for the period of 2010-2019 in Valladolid, combining top-down and bottom-up data
following a physical energy flows approach. The energy consumption of the city is estimated by main
sectors and types of energies. The results show that, throughout the past decade, both total energy
consumption and its sector end-use share did not significantly change: final energy consumption
remained at around 24 MWh (86.5 GJ) per capita and was still highly dependent on fossil fuels,
especially natural gas and oil products (over 70% of total energy supply). The GHG reduction by
2019 was ~11% with relation to 2010 and, thus, had not reached the set objective; in per capita terms,
the GHG reduction was lower (~6%) due to population loss during the period. The trend, however,
has not been monotone and has instead followed a U-shape strongly correlated with the economic
crisis and subsequent recovery, suggesting that transition policies have had, at most, a modest effect
on the overall results. The analysis shows, first of all, the limitations of statistical sources at a local
level, both for energy and mobility, which do not allow more accurate results in identifying the main
energy consumers to be reached; and, secondly, the need for strong decarbonization measures which
have to be set urgently at all the relevant institutional levels. Reaching GHG neutrality in the city
by 2050 requires reducing the GHG emissions by ~13%/year, which is ~20 times faster than for the
2010-2019 average of 0.6%/year.
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1. Introduction

The current global sustainability crisis has multiple facets, as the planetary bound-
aries framework shows: climate change, biosphere integrity, biogeochemical flows, and a
land-system change which can exceed the boundaries of each “safe operating space for
humanity” proposed in the literature [1]. Together, the acceleration of environmental degra-
dation processes can threaten the continuity of human societies, especially due to climate
change [1-3]. There are tipping points in climate change that can have large-scale impacts
on societies and ecosystems [4]. There is robust scientific evidence that ongoing climate
change is associated with the human emissions of greenhouse gases (GHG) [5], especially
due to the consumption and way of life of the richest people [6,7]. The majority of GHG
emissions are due to the burning of fossil fuels and industrial processes (65%), followed
by methane emissions (16%), deforestation and changes in land use (11%), emissions of
nitrous oxides (6%), and fluorinated gases (2%) (data from 2010 [2]).

Over the past decade (2010-2020), mitigation (reducing GHG emissions) and adapta-
tion (adapting life to the expected future climate) policies have evolved. The decade began
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with the reference to the Copenhagen Agreement of 2009 (COP15), which maintained
the agreements of 1997 (Kyoto Protocol) regarding the efforts of each country to reduce
their emissions, but this time with the information provided by the 4th IPCC Assessment
Report [8]. In 2015, after the 5th IPCC Assessment Report [2], the Paris Agreement (COP21)
was reached, which proposed a review of the agreements previously adopted and set the
objectives to contain the global temperature rise below 2 °C, although the objectives that
each country has assumed may not be enough [9].

Many of the mitigation and adaptation strategies adopted in the last decade are
designed for the local level [10,11]. In Europe, the institutions have been deeply con-
cerned to promote this type of policy, so there are numerous experiences [12]. In ad-
dition, consortia of cities have been set up to promote this type of action (i.e., https:
//www.c40.org/ (accessed on 29 June 2021) for larger cities or https:/ /energy-cities.eu/
(accessed on 29 June 2021)). Among them, we can highlight the Covenant of Mayors (CoM),
which came into existence in 2008 at the initiative of the European Commission and cur-
rently brings together more than 10,000 localities [13]. According to the evidence, this
initiative has been far-reaching and has helped to implement action plans to mitigate
emissions at the local level [14].

There are multiple methodologies and approaches to analyze the energy consumption
of a city [15]. We take one physical approach for the final energy consumption user, as in
the reference work for Melbourne [16]. This approach has recently been used for two larger
Spanish cities: Madrid [17], in which an energy balance is carried out with top-down data
sources, and Valencia [18], in which a combination of top-down and bottom-up methodolo-
gies are used to solve the lack of data. There are other methodologies to describe the final
energy consumption, adopting only a bottom-up approach [19-22]. In addition, there is a
wide range of methodologies linked to the urban metabolism discipline [23,24], which is
combined with a social activity analysis [25,26] or other sustainability indicators [27-29].
On the other hand, there is also a consumption approach that has similarities with the
consumption area based on carbon footprint methodologies [30-32]. That kind of analysis
usually takes economic input—-output data instead of energy physical flows [33,34].

The main objective of this analysis is to identify the main local energy flows and the
resulting GHG emissions by sector and type of energy for the case of the medium-size city
of Valladolid (Spain). Given that data at this institutional level is typically scarce and that
local institutions have difficulties to make their own estimations, we developed a novel
methodology which could easily be extended to other similar cases.

Two methodological issues are discussed. The first is to find suitable data sources for
the scope of the study. The second is to adopt the perspective and methodology that best
allow us to achieve the main objective.

In identifying the main energy-consuming activities in a medium-size city, in our case,
we dealt with two main issues that have required the development of novel methodologi-
cal solutions:

1.  The lack of detailed and precise statistical data sources;
2. The lack of bottom-up methodologies in the literature for the available data.

The study focuses on final energy consumption flows and their purposes over the last
decade. Identifying energy consumption purposes tells us which activities consume energy
in the city. Knowing which activities consume energy and quantifying this consumption
makes it possible to identify the agents that can intervene in a more decisive way in the
energy transition. Identifying where the energy is consumed allows us to identify who can
modify the consumption patterns. In addition, as the final stage, the characterization of
energy consumption flows allows the GHG emissions to be estimated by applying carbon
intensity factors.

Data limitations prevent us from incorporating the embodied energy in manufactured
goods and services, which have been shown to be relevant for rich economies [35] to the
analysis, but this issue is included in the discussion section together with some discussion
of hypothetical ranges.
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In our case study, Valladolid is a city that signed the Covenant of Mayors in 2011,
endowing itself with a strategy—the Sustainable Energy Action Plan (SEAP)—for the
mitigation of emissions for 2020 with a reduction objective of 20% [36]. Valladolid’s SEAP
template, completed biannually by the local energy agency (AEMVA), provides some
information about the final energy consumption of the end users in the city (thus, we took
this as an information source), but without a sufficient level of detail. That is why we explain
the different data sources to characterize the final energy flow in the city. This approach is
relevant due to the characteristics of the city of Valladolid (a medium-size city). We adopt
this definition based on the fact that there is a city with around 300,000 inhabitants in its
local administrative unit (LAU) and a functional urban area surrounding it (definitions
from [37]). The OECD [38] defines it as a medium-sized urban area (between 200,000 and
500,000 inhabitants). In Europe (the EU-27 and the UK), 34% of the urban population
resides in urban areas of this type, which account for 17% of the existing urban areas, while
in Spain, 35% of the population reside in such areas and account for 34% of the urban
areas [37]. In many cases, as in our case study, these urban areas are made up of a large city
and the rest of the area is made up of smaller municipalities that rarely reach the category
of city (minimum 50,000 inhabitants in the LAU).

The manuscript is organized as follows: Section 2 describes the materials and methods,
while Section 3 provides the results, which are discussed in Section 4. Finally, Section 5
gives some conclusions.

2. Materials and Methods
2.1. Overview

In this methodology section, the process is presented in the same order followed to
obtain the results shown for Valladolid (Figure 1). The recommendations of the United
Nations Statistics Division [39] are followed throughout the entire analysis, especially the
one affecting the energy flows and energy product definitions.

Upstream
primary
energy
. Identification o,
Setting of study . f f ||  Energy products
boundari available data imports
oundaries sources
Estimation of
GHG
emissions
+  Local electricity
production
Buildings
Final energy
consumption of end-
use in households
Transport
. . . . Top-down and bottom-
Bottom-up estimations Top-down estimations up estimations

Figure 1. Overview of the workflow towards estimating the energy flows and GHG of the medium-
size city of Valladolid.

After characterizing the case study in Section 2.2, the process begins by defining the
temporal, territorial, and sectorial boundaries of the study and the energy flows considered
(Section 2.3). Having defined the boundaries of the analysis, the different statistical sources
available on consumed energy are analyzed, selecting those that allow a greater definition
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(Section 2.4). Then, the data sources on produced and self-consumed energy in the reference
territory are analyzed. Finally, general statistical information concerning the municipality
(population, income, employment, surface . .. ) is collected as auxiliary data.

For this task, it is necessary to overcome the absence of any territorial statistical
systems with enough level of detail and with all the sectorial breakdown recommended
in [39]. This is due to the lower capacities of the medium-size municipalities to manage
their statistical information, unlike the larger municipalities.

Based on the available data, the final energy consumption (equivalent to the energy
products imports) is estimated for each sector (Section 2.5) from a top-down perspective.
To do this, a series of assumptions that supplement the limitations of the data sources are
made. This estimation is performed by adopting an upstream perspective, accounting for
the final energy flows that “enter” as imports into the study boundaries, so the energy
imports can be estimated (Figure 2), also on the understanding that the city does not export
final energy flows. When data are not provided on the local level, we take the larger territo-
rial units (Spanish provincial level —NUTS level 3 [37]) and apply different downscaling
factors, depending on the sector and energy source. Downscaling is a usual way to perform
estimations at local level when there are not enough local information sources [21,28], but
there is no systematic method for this approach. We adopt this perspective as it seems
to be the closest to actually knowing the energy flows that are transformed into useful
energy in the area of study, thus allowing us to estimate the energy product imports that
are required. The main methodological contribution of this work is the downscaling factor
choices, a systematic approach which can be useful for the estimation of energy flows and
GHG of other medium-size cities. The calculation of the electric energy produced and
self-consumed in the scope of the study is also incorporated due to the transformation and
production of primary products (Section 2.5.2). This estimation allows us to understand
the importance of the self-produced energy, despite the fact that it is not an energy flow.

Energy consumption
of Valladolid city

Imported
0il, coal and gas

Imported
electricity

and services

(embodied energy)

Figure 2. Conceptual diagram of energy flows involved in the area.

Taking the final energy data, the upstream primary energy linked to the energy
imports is calculated, so as to obtain the quantification and characterization of the total
energy supply (TES) (Section 2.5.3). Finally, the GHG emissions produced due to the final
energy consumption are also calculated with the help of sectorial carbon intensity factors
(Section 2.5.4).
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After obtaining the general perspective of the energy flows consumed and their secto-
rial breakdown from a top-down perspective, we estimated the energy directly consumed
by the households following a bottom-up approach (Section 2.6). The purpose of this
estimation is to identify the energy demand due to the households in order to prevent
an eventual overestimation from the top-down perspective to this sector. To do so, we
provided two calculations with a bottom-up methodology to obtain, firstly, the energy
consumed in the residential buildings and, secondly, the energy consumed by the mobility
of the resident population. For the first one, there are many models [40], and there is
abundant official data at our study case level concerning this subject (cadastral data [41]),
which allows acceptable results to be obtained. On the other hand, for transport, there are
far fewer models and information sources. Although the transport consumption calculation
could be based on the existing vehicle fleet (on which there is abundant information), there
are important differences between this fleet and its actual use [42]. That is why we opted for
sources that describe personal mobility to estimate energy consumption, which is another
novel method developed for this work. In this regard, we found two types of sources:
urban mobility surveys and interurban mobility surveys or databases. It is not usual for
these data sources to directly collect energy consumption estimates; thus, it is necessary to
make estimates, as we did in this case.

2.2. Description of the Case Study

The city of Valladolid has a municipal area of 197 km?, of which 75% is rural land, and
has around 300,000 inhabitants. Furthermore, the rest of the province (~500,000 inhabitants),
although it is mostly rural, has several large municipalities (over 20,000 inhabitants) [43].
Some of these municipalities are located on the periphery of the city of Valladolid (Figure 3),
forming a functional urban area. Laguna de Duero, south of Valladolid, has been a mu-
nicipality of more than 20,000 inhabitants for decades. Arroyo de la Encomienda has
also become a large municipality in the last decade, which has grown by 30% to reach
20,000 inhabitants. The urban area that surrounds Valladolid is home to about 20% of the
population of the province that does not reside in Valladolid. In total, the functional urban
area (Valladolid and periphery) accounts for almost 80% of the population of the province
with ~400,000 inhabitants [44].

Valladolid has a relevant position as, for decades, it has been the biggest city in the
north-west regions of Spain (Castile-and-Leon, Asturias, Galicia) [44]. The city has large
industrial zones due to the presence for over half a century of an important automotive
construction sector, today represented by Renault and Iveco plants. Later, other important
industrial plants, such as Michelin (petro-chemical sector) or Entrepinares (food sector),
consolidated the industrial profile of the city [45]. In addition, it is an important transport
node, both for passengers and freight transport. The city has a large rail infrastructure
(with high-speed trains directly linking the city with Madrid), and the E-80 Trans-European
Motorway, which links Portugal with France, passes by. The airport serving Valladolid is
located next to a nearby village, Villanubla (less than 20 km).
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Figure 3. Valladolid province and its municipalities. Own edition with [44] data.

2.3. Setting of Study Boundaries

First of all, the study is temporally and geographically limited. A ten-year time range
is chosen with annual data as a sample. In the case analyzed, considering data availability,
the decade 2010-2019 was chosen. Secondly, the approach is area-based. This second
delimitation implies some complications with diffuse energy uses, among which transport
stands out, due to the relationship with the rest of the functional urban area and also to
the importance of being a transport transit hub. In order to identify the transport energy
consumption, the interurban mobility is taken as inner energy consumption only for the
road modes, which can refuel in the city area. Therefore, it is assumed that the energy
imports to the reference area are the main indicators of the final consumed energy; this
is also true for the transport sector. In addition, it is the main data source to estimate the
GHG emissions due to local activities.

It is important to point out that, in our analysis, we focus solely on GHG emissions
from energy consumption, which are globally the main source of GHG, followed by
agriculture, forestry, and other land use [2]. Note that the latter generally occurs in
rural areas; however, in the case of Valladolid, this means two bovine farms which host
over 4000 heads of cattle must be excluded. On the other hand, the grid electricity GHG
emissions are not produced in the city area. Nevertheless, we consider them as emissions
due to the energy consumption. This is an important aspect that differentiates our work
from city-level carbon accountability [31].

Regarding the energy flows considered, the final energy consumption is taken as the
energy consumed in the city, so the end-use transformations are excluded (those energy
transformations that do not become an energy product). The main energy flow which
affects our reference territory is the energy imports, followed by such “internal flows” as
transformation or production. Other flows that can be analyzed, such as energy exports or
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stock, are negligible in this case. The energy embodied in imported/exported goods and
services is also excluded from the analysis.

The upstream primary energy supply represents the TES (defined in [39]). These energy
flows include the primary commodities before they become the energy products that arrive
at the city boundaries after the transformation, stock, and transport processes, which occur
outside the city boundaries.

The “internal flows” comprise the transformations and production of energy products
that occurs in local energy industries; which, in this case, are electricity, combined heat and
power (CHP), and heat plants. This analysis only reports the electricity production in order
to compare it with the energy product imports, specifically with the imported electricity.
Therefore, heat products are excluded from the analysis. Furthermore, the CHP plants
linked with different industrial processes, such as auto-producers, are set aside. Only the
biggest one, linked to the Michelin plant, is taken into account, because it can sell an
important amount of electricity to the grid. Two CHP plants linked to public services plants
(sewage and waste treatment) are also reported, as they run on locally produced biogas.

The heat energy production of these plants is not included in the analysis for two
reasons. The first is the lack of sufficient accurate data for this, due to the limitations of
the heat accountability, in both the CHP plants and the solar heat installations. The second
is that the heat energy produced is usually end-use energy, which is excluded from the
analysis as it is not an energy product (with the sole exception of the heat production from
the district heating installed in 2014 [46]). Therefore, we assume that the loss of information
associated with not reporting the production of heat energy is not very relevant at the
municipality level, as we concentrate on the energy products that are imported by these
plants (natural gas for CHP and biomass for the district heating plant), so its estimation is
left for future work.

2.4. Identification of Available Data Sources

Official statistical data sources were given priority, but when these did not provide
sufficiently precise data, we complemented them with other sources or our own estimates.
General data on the municipality (population, employment by sectors, surface area, agri-
cultural area) were obtained from institutional statistical services [43,47]. The data sources
on energy consumption and bottom-up modeling are presented in Table 1. The primary
data are also available in the Supplementary Materials.

Table 1. Available data sources per sector and type of energy.

Final Energy Energy Territorial .
Sector Consumption Production Temporal Range Level Source Observations

. Sectorial breakdown until

All Electricity - 2010-2016 NUTS3 [48] 2016, total data until 2019
Sectorial breakdown until

Al LPG i 2010-2016 NUTS3 [45] 2016, total data until 2019
Sectorial breakdown until

All Natural Gas - 20102016 NUTS3 [48] 2016, total data until 2019

We assume that each type of
oil product is for one use
Transoort (Gasoline and Diesel oil—type
Aori port, Oil products - 2010-2019 NUTS3 [49] A for transport, Diesel
griculture

oil—type B for agricultural
uses and Diesel oil—type C
for heating buildings)
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Table 1. Cont.

Final Energy Energy Territorial .
Sector Consumption Production Temporal Range Level Source Observations
Just for even years. Exclude
All All - 2010-2019 City [50] big industries. Underestimate
electrical consumption.
Public sector Al - 2010-2019 Cit [5051]  Resionaladministration offer
y G detailed data since 2017
Directly
University All - 2010-2019 City provided by
Universidad
de Valladolid
CHP plant
(Energyworks Natural gas All 2010-2019 City [52,53]
vitvall)
CHP plant ; All 2018-2019 City [54]
(sewage)
CHP plant
(waste - All 2015-2018 City [55]
treatment)
Photovoltaic - .
solar plants - Electricity 2010-2019 City [56]
Buildings . Surface of residential
surface None ) 2010-2019 City (1] buildings for each year
Urban mobility None - 2015 City [57]
Interurban None - 2017 NUTS1 [58]
mobility

2.5. Estimation of Energy Flows and GHG Emissions by Sector and Type of Energy
2.5.1. Estimation of Energy Products Imports

As indicated, different assumptions are made for each energy source and sector.
Most of the energy product imports are calculated through downscaling from the provincial
data (NUTS3 level) and later cross-checked with the city council inventories [50] to confirm
the quality of the estimation. They report reliable data just for some years (even years from
2012) and energy sources (natural gas for some sectors, LPG, biomass). The downscaling
method is a better approach for the energy products whose consumption occurs in the
diffuse sectors.

The different downscaling factors applied are chosen under the following criteria:

They are an accurate indicator of sector size;
They are common data, easy to obtain even in small-size cities;
They are complete time series.

When possible, data are taken directly from the city council data. This is the case of
the biomass data, derived from AVEBOIM (a Spanish biomass sectorial association), or the
oil products consumed by the public sector provided by official sources [50,51]. For those
years without enough data, extrapolations are carried out, maintaining the sectorial share.
The method applied in each case is shown in Table 2 and the different downscaling factors
in Table 3.
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Table 2. Estimation method for each energy product and sector. For “Direct source” see Table 1.

ial e . .
Energy Product lszflcc:?[?:e Estimation Method Downscaling Factor Observations
Agriculture Direct source -
Commerce .zmd public Direct sotrce )
services
Biomass Household Direct source -
Industries Direct source -
% citv’s population The percent of biofuel
Transport Downscaling ° CIy's popuia provided by the distributor is
over provincial .
applied [49]
o :
Agriculture Downscaling & agr1cu1tura.1 sgrface
over provincial
o) .
Commerce and public . lo city’s services
services Downscaling employment over
provincial
Electricity o i, .
Household Downscaling o city’s pop.ule}tlon
over provincial
% city’s industrial
Industries Downscaling employment over
provincial
Transport - -
Agriculture - -
o :
Commerce and public . o clty’s services
services Downscaling employment over
provincial
o :
Natural gas Household Downscaling o city’s pop.ula.non
over provincial
% city’s industrial We assume that the hlg}}est
. . pressure and consumption
Industries Downscaling employment over . .
. installations are the
provincial . .
industrial.
Transport - -
o .
Agriculture Downscaling o agrlcultura} sgrface
over provincial
The oil products

Commerce and public
services

Direct source

consumption in this sector is
a small fraction of heating oil
reported by [50].

Qil Products Household

Downscaling

% city’s population
over provincial

The LPG consumption is
weighed by a factor of 0.5
due to the lack of isolated

buildings in city.

Industries

Direct source

The oil products
consumption in this sector is
a small fraction of heating oil

reported by [50].

Transport

Downscaling

% city’s population
over provincial

The LPG consumption is
added, mainly due to the
urban public transport [50].
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Table 3. Population and employment indicators used as downscaling factors.

Data Units Source 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019

City population People 315,522 313437 311,501 309,714 306,830 303,905 301,876 299,715 298,866 298,412

Yo city’s population over % 51 591300 58.60% 58.30% 5819% 57.98% 57.74% 57.65% 5751% 57.49% 57.44%
provincial

City employment People 118,100 116,938 114,503 112,177 114,390 118,161 120,199 124,135 128274 130,842

City industrial employment People 17,638 17,825 17,079 16,569 16,854 17,991 19,204 19586 19,768 20,363

%o city’s industrial employment % 62.25% 62.61% 62.85% 62.80% 62.67% 62.75% 6346% 63.06% 62.68% 62.57%

over provincial [47]

City services employment People 91,382 91,281 91,052 90,293 92,119 94,690 95541 98,794 102,289 104,099

%o city’s services employment % 78.07% 77.95% 77.41% 77.55% 78.20% 7824% 77.62% 77.37% 77.25% 77.05%
over provincial

% agricultural surface over % [43]  170% 1.70% 1.70% 1.70% 170% 170% 170% 1.70% 1.70%  1.70%

provincial

The downscaling method implies accepting the assumption of proportionality between
the variables energy consumption and the factor chosen: population, agricultural surface
or employment. There are increasing works in the literature about urban scaling that show
the existence of these kind of relations in many cities [59-61]. However, in this case, the
comparison is between the urban and rural zones that make up the territorial unit and not
between different urban zones. Even in this case, these scaling laws appear [62]. Despite
the scarcity of evidence for the relationship between population and energy consumption
in transport uses (shown in the literature), it is enough to neglect other factors.

2.5.2. Electricity Local Production

There are two types of significant electricity producers in the municipality: centralized
electricity production plants (in our case, centralized plants based on natural gas or biogas)
and distributed solar production.

To estimate the consumption for the first type (centralized plants), we used two
methods of estimation, one with a top-down and the other with a bottom-up perspective,
as detailed below.

e  For the Michelin power station (Energyworks VitVall PlantValladolid, Spain), due
to the fact that it is the only major consumer in the town, its electricity production
could be estimated with its performance characteristics (0.39 MWh of electrical output
for each 1 MWh of natural gas supply [53]) and gas consumption data from the
distribution company. We could test that data with the emissions reported in the
UE-ETS database [53].

e  For the plants associated with the treatment of sewage sludge (water treatment plant)
and solid waste, we had reports with the electrical energy production data for some
years of the series [54,55]. We estimated the rest of the series assuming that production
is proportional to the population served by each plant (the water treatment plant in
the town and the solid waste treatment plant in the province).

A bottom-up perspective is adopted to estimate the energy produced through dis-
tributed solar installations. We started from the inventories of installations [56] and ap-
plied average production factors for photovoltaic solar energy, i.e., 1580 MWh-year/ MW-
installed [63].

2.5.3. Upstream Primary Energy

We calculated the upstream primary energy imports from the data collected as energy
product imports (Section 2.5). Based on these data, we applied different conversion factors
provided by [64] (see Table 4). For the electricity factor, it was assumed that the energy
is distributed with a low voltage. For the rest of the products, the most representative
categories were selected. It was assumed that, throughout the decade studied, there were
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no relevant technological changes that led to modifications in the conversion factors from
primary energy to final energy, so they were taken as constants.

Table 4. Upstream primary energy conversion coefficients. Source [64].

Energy Product Primary Energy Product Conversion Coefficient

[MWh p/MWh f]

Gasoline Crude oil 1.24
Diesel A Crude oil 1.26
Diesel B Crude oil 1.26
Biofuel Liquid biofuel 2.11
Liquid gas Crude oil 1.12
Biomass Solid biomass 1.36
Heating Oil Crude oil 1.26
Natural gas Natural gas 1.15
Electricity Hydropower 1.07
Electricity Nuclear fuel 3.9
Electricity Hard coal 2.69
Electricity Crude oil 2.76
Electricity Natural gas 2.15
Electricity Electricity from other renewable 1.07

It should be considered that the energy mix of electrical energy changes every year, so
the percentage of energy consumed by each primary energy source that participates in the
grid electrical was weighted by the annual energy mix of the electrical system, offered by
REE [65].

The addition of these imports offers the TES of the city.

2.5.4. Estimation of GHG Emissions

Analogous to the calculation of the upstream primary energy imports, GHG emissions
due to the final energy consumption were computed from the energy product imports
and the corresponding emission factors were applied from [64]. These factors included
the whole life-cycle of each energy product. The same assumptions were made as for the
primary energy estimations. In the same way as for the previous estimate, we assumed
these factors to be constant, except for the case of electric energy. Figure 4 shows how
the emissions related to electricity consumption in Spain underwent significant variations
during the study period, related to the variability of the hydroelectricity due to the Mediter-
ranean weather. However, the drop in emissions at the end of the decade is related to a
reduction in the carbon intensity of the electrical generation mix, which is mainly due to
the policies that led to switching off coal power plants [66]. The results for an uncertainty
analysis, to account for the estimated higher GHG emissions related to CH, leakages, are
presented in the Section 3.
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Figure 4. GHG emissions by final energy consumption unit.

2.6. Final Energy Consumption of End-Use in Households

A bottom-up estimation of household energy demand is also made in this work to
complement the top-down estimate. If the bottom-up perspective finds differences with
the top-down perspective, it means that there is an overestimation or underestimation of
the sector’s consumption, or that there is some consumption behavior hidden from the
bottom-up approach.

2.6.1. Transport

Energy consumption due to the personal mobility of the population makes it necessary
to distinguish between urban mobility (passenger trips between zones in the city) and
interurban mobility (passenger trips between the city and other places).

The share of energy consumption corresponding to urban mobility was calculated
based on the mobility data collected in the 2015 mobility survey [57]. The methodology we
adopted is similar to the one used in [21], which used an estimation of the transport energy
consumption based on commuter mobility. In our case, the survey offers several panels
with the total number of trips between zones for each means of transport (pedestrian,
private vehicle, public transport, others). By calculating the distance between each zone, it
was possible to obtain the transport production data that are carried out daily in passenger-
km units. The distance (dT-j in Equation (1)) measured is the radius of gyration used in
the mobility patterns literature [67]. The internal trips of each zone were assumed to be
0.5 km. This hypothesis was adopted as these trips are mostly pedestrian and are, therefore,
short. In addition, the median size of these zones is 1.32 km? and the biggest are the
least populated. In any case, although they are important within the total distribution, as
they are mostly by pedestrian mode, they affect the local energy consumption estimation
relatively little.

Once the transport production values were obtained, we estimated the energy con-
sumption linked to each mode, applying the factors shown in Table 5 using Equations (1)—(3).

Transport production;; [pass-km| =~ d;j [km] - trips;; [pass] 1)
Mobility energy consumption [MWHh]

= Y. Transport production;; [pass-km| )
- transport energy intensity [MWh/pass-km|]
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Transport energy intensity [MWh/pass-km]
= num of passengers [pas-km/veh-km)] - fuel consumption [l/veh-km] (3)
- fuel energy density [MWh/1]

Table 5. Urban mobility energy consumption calculation.

Year Num of Fuel . Fuel Energy Transport Mobility
. . Fuel Density - Energy Energy
Data Production Passengers Consumption Intensity 4 .
[ km] [ km/veh-km] [I/veh-km] [kg/1] [MWh/ton] Intensity Consumption
pass-km pass-km/veh-km veh-km on [MWh/veh-km] [MWh]
Source Own estimation [68] Own estimation
Pedestrian 157,416,492 1.00 0.00 - - - -
Other 28,857,311 1.00 0.00 - - - -
Private vehicle 189,573,302 1.50 0.10 0.75 12.31 0.00 116,174
Public 93,433,879 7.50 0.50 0.83 11.94 0.00 61,902
transport
Total 283,007,181 - - - - - 178,076

For the energy estimation due to external mobility, information was extracted from
the mobility data from geolocated data provided by official sources [58]. We then assumed
that the energy used in the total number of trips of the resident population was considered
as local consumption. This hypothesis cannot be applied for certain modes of transport:
there are no airports or ports in the municipality of Valladolid, so energy is not consumed
locally for trips by plane or boat. The electrical consumption due to trains is distributed
along the railway, so we do not take that into account as relevant local energy consumption.
However, people do refuel many of the vehicles that pass through the city, either as origin
or destination. A simplifying criterion was assumed, where the energy consumption of all
the resident trips by road transport modes are imputed to the local energy consumption.

Starting from the indicated data source, there is a series of transport production in
passenger-km units classified by the purpose for each journey (home, work, frequent, spon-
taneous). We exclusively took trips to Valladolid from home or work, or from Valladolid to
home or work, assuming that these trips will be the ones that reflect those of the resident
population (from any type of origin and to any type of destination).

With these data, a weighting of the different types of days offered by the database
was carried out (summer weekday, summer weekend, non-summer weekday, non-summer
weekend). In addition, a downscaling factor was used to exclude trips due to the rest of
the province’s population. To achieve this, we assumed that the trips of the city population
were the proportional part of the population over the province.

With the total mobility produced in passenger-km, Equation (2) was used with the
energy intensity for each transport mode, taken from [69], to obtain the energy consumed
by this type of mobility, as shown in Table 6.

Table 6. Interurban mobility energy consumption calculation.

Transport ]?nergy Annual Production Mobility En.ergy M0b111f¥ En.ergy.
Data Intensity [pass-km] Consumption Consumption in City
[MWh/veh-km] P [MWh] [MWh]
Source [69] [58] and own estimation Own estimation Own estimation
Train 0.000108 87,869,500 9446 0.00
Plane 0.000092 35,918,430 3304 0.00

Road 0.000323 838,729,485 270,723 270,723
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2.6.2. Buildings

We start from the data of the set of existing residential buildings in the municipality.
With these data, obtained from the Land Registry [41], it is possible to obtain the total built
surface existing in each year of the period studied.

Assuming that the main energy consumption of Spanish homes is destined for air
conditioning (mainly heating), we first estimated how much this consumption represents
for the residential area each year. To do this, we took the energy factor consumed for heating,
cooling, and hot water as constant. We took this factor from the energy certification tool for
residential buildings. In the case of Valladolid, the factors are (taking the most common
kind of housing): 60.6 kWh/ m? for heating, 4.5 kWh/ m? for cooling, and 13.3 kWh/ m? for
hot water [70].

For the rest of domestic consumption, it was assumed that it is proportional to the heat-
ing consumption of the average household type [71]. In this way, the average household
proportion between heating consumption and other consumption (electrical appliances,
kitchen and lighting) was maintained.

Finally, we applied a correction due to the percentage of empty dwellings. We applied
a reduction percentage to the total obtained energy consumption equal to the percentage
of empty homes. In the case of the province of Valladolid, according to data from the
2011 census, 11.90% of the houses are empty [44].

3. Results

We first describe the temporal evolution of the main outputs resulting from the top-
down perspective, and subsequently, taking the data for 2016, we delve into the sectorial
breakdown of the different consumptions. We take that year because it represents a
middle point, both temporally and within the main tendencies that we analyzed. Finally,
the bottom-up estimations are shown in order to describe the specific household energy
consumption. The detailed results are included in the Supplementary Materials.

3.1. Temporal and Sectorial Evolution

The evolution of the main indicators can be seen in Figure 5, which shows how the
economic indicators (GDP and employment) diverge from the decreasing trend in the
population. The TES (primary energy consumption) fell to a minimum in 2014, taking a
different pattern from the economic and population indicators. Although energy product
imports and its upstream equivalents maintain a very similar evolution, the associated
GHG emissions fell in 2019. This is due to the practical elimination of coal from the
peninsular grid electricity production.
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Figure 5. Temporal results. (a) Evolution of main indicators with relation to 2010 in %. (b) GHG year emissions by sector
(ton COzeq per capita). (c) TES by year and energy source (MWh per capita). (d) Final energy consumption by year and
sector and local energy production (losses are excluded) (MWh per capita).

Regarding the distribution by upstream primary energy, the vast majority of the energy
products are from fossil fuels (crude oil and natural gas represent between 70% (2015) and
78% (2010) of primary energy sources). As is shown, biomass consumption multiplied by a
factor of 3.45 between 2014 and 2016, due to the district heating installation service of the
University buildings [46]. That increase has no clear correspondence with a reduction in
other fuels in the whole city overview, despite the large natural gas consumption reduction
achieved in the university (a reduction of 76% between 2011 and 2019) and the elimination
of the use of heating oil.

Regarding the sectorial final energy consumption, Table 7 indicates the relevance of
the industry in the city. In addition, this consumption went from representing 25% to 34%
throughout the decade. On the contrary, residential consumption has significantly and
steadily decreased its consumption throughout the decade, falling by 29% at the end of
the decade.

In any case, the total final energy consumption in 2019 reached levels very similar to
those of 2010 and, in the same way, the TES trend followed a U-shape.

The GHG emissions per capita due to the energy products imported by sector are
shown in Figure 5.

The weight of each sector and the evolution along the decade is similar to the final
energy consumption obtained. Unlike the final energy evolution, in the last few years of
the decade, the GHG emissions went down due to the reduction in the emissions factor of
the Spanish grid electric energy (cf. Figure 4).

We must point out that we do not include the fugitive emissions relative to natural
gas extraction and transport, which were estimated, for conventional natural gas, at 40.6%
higher than those considered in the official databases, and which we also consider here by
default [72]. Note that, following that study, the total emissions of conventional natural
gas would be 56.1 gCOzeq/M]J and 0.78 £ 0.45 gCH4/M]J, which translates into a large
GHG increase due to the fact that CH4 has a 100-year GWP of 30 (i.e., 1 g. of CHy warms
as 30 g. of CO; on average during a 100-year period) [2]. This affects the principal natural
gas consumers, i.e., residential buildings and industrial processes, as well as the national
electricity mix, which would increase the total GHG emissions of the city by between 20%
and 25%.
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Table 7. Final energy consumption by year, sector, and energy product. Units: MWh. Source:
own estimation.

Energy Product Sectorial End-Use 2010 2015 2019
TOTAL 12,891 94,282 175,973
Agriculture 0.00 0.00 0.00
S Commirecriir:: public 127 45,157 101,284
Household 0.00 7079 14,210
Industries 0.00 34,252 48,130
Transport 12,764 7796 12,350
TOTAL 1,544,597 1,523,979 1,541,933
Agriculture 2064 2513 2223
Blectricity Commeszif‘cr;‘: public 580,773 458,449 442,615
Household 498,532 390,337 358,939
Industries 463,228 672,680 738,156
Transport 0.00 0.00 0.00
TOTAL 3,044,486 2,462,696 2,863,457
Agriculture 2878 435 334
Natural gas Commeszcrflfcr:: public 584,637 624,929 667,708
Household 1,012,235 540,073 656,907
Industries 1,444,735 1,297,260 1,538,508
Transport 0.00 0.00 0.00
TOTAL 2,953,137 2,371,336 2,592,332
Agriculture 22,032 17,841 18,229
Ol Products Commirecrflf‘cr:: public 8539 12,367 17,971
Household 245,676 219,462 157,350
Industries 3165 3405 10,643
Transport 2,673,724 2,118,261 2,388,139
TOTAL TOTAL 7,555,110 6,452,295 7,173,695

Regarding the evolution of local production, the dynamics are mainly marked by
the main CHP, as seen in Figure 6. It also shows an increase in the share of photovoltaic
self-consumption throughout the decade. Local photovoltaic energy went from producing
the equivalent of 0.3% of the electrical energy consumed in 2010 to 1.8% in 2019.

The sectorial breakdown for 2016 is represented in Figure 7, which shows the impor-
tance of natural gas in almost all the sectors (with the exception of transport). There is an
important direct consumption of natural gas in industrial uses (51.10% of the final energy
consumption of natural gas, 20.99% of the total final energy consumption). In addition,
the Diesel A consumption for transport (25.13% of total final energy consumption) reveals
the importance of economic activities as energy consumers in the city, while residential
buildings consume 18.92% of the final energy share (without accounting for energy trans-
formation losses, which appear on the right-hand side of Figure 7). Taking losses into
account implies that residential buildings represent 13.25% of the TES.
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Figure 6. Local electricity production by source.

Figure 7. Sankey diagram of energy flows from upstream primary energy products (left side), energy imports (center) and

final energy consumption by end-use sector (right) and losses. All percentages over the TES.

Within the main energy consumer sectors, we find the relevant weight of some large
consumers. In the industrial consumption, the Michelin CHP stands out with 62% of the
gas consumed by the industrial sector and 32% of the total natural gas consumed in the
city (2016 data). Similarly, the automotive construction sector accounted for 43% of the
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electricity consumption of the industrial sector and 20% of the total electricity consumed,
which is mainly due to two industrial plants (the Renault Espafia and Iveco Espafia plants).

3.2. Final Energy Consumption Estimations Top-down vs. Bottom-up of End-Use in Households

Using the indicated bottom-up estimations, we reached a consumption estimation
with two very different results for passenger transport and residential buildings.

Regarding the bottom-up estimated consumption in transport due to urban and
interurban mobility, the estimate made only explains between 18% (2010) and 24% (2013) of
the fuel consumption attributed to transport in our methodology, which is close to the data
collated by the city council [50] (Figure 8). This is despite collecting local consumptions all
those consumptions related to road transport of the resident population. In view of this
estimate, we can propose two possible explanations: the first is that freight transport is a
major energy consumet, and the second is that the top-down fuel estimation used is not
accurate enough to obtain local consumption data.

T

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019

MWh per capita
w » wv ()] ~

N

[any

B Transport M Urban mobility M Interurban mobility

Figure 8. Comparison between transport top-down final energy consumption (blue bars) and bottom-
up personal urban and interurban mobility energy consumption (orange and grey lines).

For residential building consumption, the bottom-up estimation shows an almost exact
coincidence with the physical flow data for 2010 (Figure 9) and its accuracy then declines
throughout the decade. As shown, the difference gets bigger along the decade, reaching
a difference of 50% in 2019. This may be due to different factors: increased efficiency in
domestic uses, milder temperatures, variations in the composition of homes, an increase
in poverty, etc. The bottom-up estimate made is in line with the actual consumption for
the year 2010, but the projection thereafter fails, since the bottom-up estimation cannot
take into account different factors that can drive important changes in the consumption
patterns, especially the social drivers.
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Figure 9. Residential buildings final energy consumption comparison: bottom-up estimation vs.
physical flow data.

4. Discussion
4.1. Comparison with Other Studies and with the Spanish Average

In order to compare the applied methodology and the results obtained with other
local realities, we took the energy balances for Madrid [17] and Valencia [18] as references.
We took these studies for the geographical proximity and for the similar approach. Con-
cerning the methodology, the Madrid case used only a top-down methodology, while the
Valencia case combined it with bottom-up estimations to obtain the sectorial classification.
We also compared the results with the average Spanish TES per capita with data from the
IEA [73].

Taking the breakdown of energy sources (using the categories of this analysis), we
show the comparison between the three cities in Figure 10. An important difference
between the three cities is found. Some explanations are offered below.

e  The different population size of each city distorts the relative weight of the industries.
Of Madrid (3,141,991 inhab. in 2015), Valencia (790,201 inhab. in 2016), and Valladolid
(301,876 inhab. in 2016), only Valladolid has the main industrial plants in each province
in the municipal area. This is why the impact of the biggest CHP plant of Valladolid is
behind the natural gas consumption.

e The different climate conditions can also explain the different natural gas consump-
tions due to residential heating demand, which, as is well known, is lower in the other
cities [70].

e  The grid electricity consumption is similar in all three cases (3.87 MWh per capita
in Madrid, 3.38 MWh per capita in Valencia and 5.14 MWh per capita in Valladolid).
As we argue, the industrial electrical consumption must be the main cause of the difference.

e  The consumption of oil products has a different explanation. The consumption of oil
products in Madrid is mainly due to the airport (65% of its oil products are kerosene),
while the airports of Valladolid and Valencia are outside the LAU. So, the oil products
consumption in Madrid for the rest of transport uses is about 4.2 MWh per capita,
close to the 5.69 MWh per capita in Valencia, but far from the 8.07 MWh per capita in
Valladolid. This difference can be due to:

o the lack of railways as internal public transport modes (as both Madrid and
Valencia have metro and Commuter rail (Cercanias) services);
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o the location of Valladolid as an important freight cargo corridor (highway
A-62).

It is important to note that the case of Valencia uses data from the bottom-up modeling

based on the vehicles, unlike the other cities, which take the data from the suppliers.

e Regarding bioenergy (included as a renewable in Figure 10), Valladolid shows the
highest participation due to the existence of district heating installations.

Regarding the comparison with the Spanish TES per capita, except for the years
2012-2014 in which the TES per capita is nearly equal, the local TES per capita is around
10% higher than the Spanish average.
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Figure 10. (a) Comparison between final energy consumption per capita by energy product (MWh per capita) in three
Spanish cities. (b) Comparison of TES per capita by energy product (MWh per capita) in Valladolid and in Spain along the
decade (2019 Spanish TES data are provisional).
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The main difference between the national and local TES product share is the crude
oil consumption (larger in Spain due to air and sea transport modes) and the natural gas
consumption (large in Valladolid due to the heating and industrial requirements).

However, the absence of a unified statistical framework for the energy accountability
(or other bio-physical magnitudes) of local entities means that a better comparison is
not possible.

In order to obtain a broader perspective, we can compare our results with those
obtained using a bottom-up methodology for the city of Bath and the BANES region in
the UK [21], which does not offer a sectorial classification or energy source detail. It shows
that there is an energy consumption in the city due to buildings of 12 MWh per capita and
due to commuter transport between 8 MWh per capita and 13 MWh per capita. Bath is
also a medium-size city [38] and shows a total energy consumption close to our case.

These analyses show that there is a reasonable correspondence between our results
and other cases for larger cities relying on different methodologies, which tends to validate
the proposed approach, applying downscaling factors. Having checked that point, some
statements on the methodology and the results are presented.

4.2. Discusion on the Study Case Results

First, it is necessary to point out that data availability has determined the geographical
boundary used (municipal level), which is problematic given that the lifestyle in the city is
rather metropolitan, encompassing a total of ~100,000 inhabitants in its functional urban
area (vs. ~300,000 for the city of Valladolid). Furthermore, estimations made based on
provincial data run the risk of not being precise due to this circumstance, as there is a large
urban area linked to Valladolid that is excluded from the analysis. That situation is pointed
out in other studies in the field [74,75].

Regarding the temporal evolution, some explanations of the results can be proposed.

1. Energy consumption is strongly linked to economic activity. Even with a population
decline trend in our case study city, energy consumption increased from 2015, which
is linked to industry, services, and transportation, while even residential consumption
increased in the period 2016-2018. The share of energy consumption by sector remains
practically constant throughout the decade, although an important fall in residential
consumption (a decrease of 28.5%) was detected through the period analysis, while
consumption increased in economic activities (an increase of 10.7% in commerce and
services and 29.2% of industrial consumption). We should point out that there is an
ongoing transformation in household residential consumption that explains these
trends, as people spend more in services while avoiding domestic energy consump-
tion. This reduction may be the result of the combination of efficiency policies (which
could be a symptom of the rebound effect on household consumption [76]) and energy
poverty, which in Spain still remains a serious problem [77]. The disaggregation of
the data by income sources may help to shed further light on this issue in the future.

2. The sources of the energy consumed remain roughly constant throughout the decade.
Despite the numerous institutional strategies [78] and the relative increase in the
consumption of biomass (1365% increase from 2010-2019) and photovoltaic solar
energy output (228.5% increase from 2010-2019), there is no significant change in
the energy consumption pattern (both still below 3% of the total amount of primary
energy consumed in 2019). This analysis shows that there has not been an important
substitution of energy sources during the period studied, although there are important
ongoing efforts that show the high impact that can be obtained if substantially scaled-
up in the future (i.e., the University of Valladolid biomass district heating).

3. Atlocal level, the city council has implemented some policies aimed at transitioning
to a more sustainable model. We mentioned the SEAP [36], which established a
reduction of 20% in GHG emissions. Furthermore, along the decade, the approval
of the new urban plan (PGOU) in 2017 [79] stands out because of its effects on land
use policies, as a compact city is defined, rejecting the urban sprawl model already
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in place. This plan proposes a modal shift in urban mobility to low-carbon modes
(public transport, bicycle, pedestrian, etc.).

We can now evaluate the results. As is shown, by 2019, the SEAP objectives were not
reached, and the reduction in GHG emissions per capita by 2019 were just ~11% lower
than the 2010 emissions (vs. a 20% reduction objective). If we exclude the whole industrial
sector, the reduction was 14% in 2019 with respect to 2010. In annual terms, the total
reduction was 0.6%/year, but with an increasing trend, in the second half of the period
studied (2014-2019), there was an increase of +2.2%/year. In fact, the trend in GHG has not
been monotone over the period and has instead followed a U-shape, strongly correlated
with the economic crisis and the subsequent recovery, suggesting that the transition policies
put in place to date had, at most, a modest effect on the overall results.

It has to be taken into account that data for 2020 will be strongly affected by the
COVID-19 health crisis and may show a temporary compliance with the objective, due
to the reduction in energy consumption during the confinements, economic paralysis,
and travel restrictions. However, with the return to the “new normal” and the empirical
evidence gathered in this work, a rebound in energy consumption and, hence, GHG
emissions seems most likely [80,81].

Following the Paris Agreement (COP21), the regulatory framework sets the objective
of achieving carbon neutrality by 2050. The stringency of this objective is represented in
Figure 11, assuming an exponential reduction in GHG emission. During the last decade,
the reductions in GHG emissions have only occurred in residential buildings (—33%,
—4.4%/year) and in agriculture (—18%, —2.2%/year), and these reductions have been
partially offset by increases in industry (+20%, +2.1%/year). Reaching GHG neutrality in
2050 requires a reduction in the GHG emissions at a local level of at least ~13% per year
(Figure 11), which is 20x faster than the aforementioned 2010-2019 average of 0.6%/ year.
This explains the annual reduction of —62,300 tonCO,eq on average between 2020 and 2050
(starting from —242,971 ton COeq annual reduction in 2020 to —3240 ton CO,eq in 2050).
In fact, the only sector that has started a decline consistent with that objective during this
decade is the residential buildings sector. Some strategies for reducing energy in buildings
have been timidly implemented throughout the decade: the insertion of distributed renew-
able (solar photovoltaic), biomass district heating, heat pumps, etc. These technologies
have an important potential to further reduce the natural gas consumption in the city,
especially in residential and tertiary buildings. On the other hand, with the vast industrial
zones and the diversity of existing industrial plants, there is potential for the implemen-
tation of industrial symbiosis initiatives similar to those existing in other countries [82],
and which have been practiced in particular in China over recent decades [83]. How the
required rapid decrease in GHG can be achieved remains beyond the scope of the current
work, especially given that there are different transition strategies in the scientific debate,
such as the most conventional green growth based on technological change and market
mechanisms to the more heterodox Green New Deal or postgrowth/degrowth proposals,
with a stronger emphasis on the role of the state and/or lifestyle changes and a different
economic paradigm [84-86].
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Figure 11. GHG emissions: historical data (2010-2019) and reduction pathways by sector assuming an exponential decrease.

At the same time, we should point out that the GHG emissions analyzed would
be significantly higher (+20-25%) if the fugitive emissions associated with natural gas
consumption were accounted for [72].

From the point of view of the geographical boundaries considered, there is evidence
in the literature of a higher energy footprint than use of primary energy in rich coun-
tries. The existence of a “virtual” transference of energy between countries has been
demonstrated through embodied energy in goods exchanged in international trade [87].
For the case of Spain, Arto et al. [87] found that the total primary energy footprint in
2008 was almost 35% higher than the total primary energy demand (with an increasing
trend from 1995). Akizu-Gardoki et al. [35] found a hidden energy flow of 24.30% for 2011,
taking the EORA database as reference. This is due to the fact that, in the current context of
globalization, rich countries have, for decades, systematically outsourced energy-intensive
processes to emerging or in-development countries. Hence, the energy used by a country or
municipality is no longer a suitable indicator for measuring the total energy requirements
associated with its level of development; instead, the significant variable is the energy
consumed worldwide to produce the goods and services demanded by that country, i.e., its
energy footprint. This hidden energy consumption implies that, in general, for cities in rich
countries, as is the case of our case study, the energy consumption of the inhabitants from a
consumption-based perspective should be higher than our results obtained here. However,
the lack of input—output tables at a municipal level for Valladolid makes it impossible
to estimate this indicator for other larger geographical dimensions in the literature [35].
This indicator can be helpful, not only in order to obtain the differences between countries,
but also between cities (by size or location) and between urban and non-urban locations.

An option to approximate our results to the consumption-based metric would be to
take the aforementioned Spanish average and apply it to the city energy-level calculated
in this work (e.g., for the year 2019: 34.07 x (1 + 24.30%) = 42.35 MWh per capita of
primary energy consumption in Valladolid). However, two issues arise: (i) our numbers
are based on final term estimations, while [35,87] compute primary energy (and the energy
efficiency in rich and emerging or in-development countries can be very different); and
(if) the industrial exporter profile of our case study city. Figure 10 shows that Valladolid
stands out with respect to other Spanish cities because of its larger energy consumption
per capita. Furthermore, it still shows a level that is 10% higher than the country level. In
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particular, cold winters force more to be spent on heating in Valladolid than in the other
locations, although the residential and tertiary buildings do not represent more than 30%
of the final energy consumption, that share being higher in Madrid and Valencia [17,18].
On the contrary, the share of final energy consumption in the industrial sector in Valladolid
is the largest of the three cases. It is necessary to take into account the fact that Valladolid
hosts an important industrial sector destined to export goods: the automotive manufactur-
ing sector in Valladolid exports ~200,000 vehicles/year and ~500,000 engines/year, which,
for example, represented 18% of the full regional (Castile-and-Leon) exportation value
in 2019 [88]. Hence, all these data suggest that the difference between the territorial and
consumption-based energy footprint balance of the city may be less important (or even
negative) than the Spanish average, and we consider this topic an issue to be covered in
future research.

4.3. Discussion of Methodological Issues

The downscaling factors used to estimate the different energy product imports
(Section 2.5.1) show enough accuracy in view of the comparison with other cases (Section 4.1).
This estimation risks not capturing the variations in the behavior of the city population with
respect to the rest of the province. It is assumed that the energy consumed is proportional to
each person or each job, without taking into account that there may be different intensities
of use due to different lifestyles (urban-rural) or different industrial energy intensities.
On the other hand, it is a reasonable hypothesis, considering that there may not be a great
difference in the ways of life or productive processes between the city and the province
that may affect energy consumption.

From a methodological point of view, some conclusions can be drawn from the
developed method based on bottom-up estimations. As shown, it is possible to obtain
accurate estimates for the energy consumption of residential buildings without excessive
complexity (2010, Figure 9). Furthermore, there is a lack of accuracy in the time series
results, with a growing gap. Taking the energy consumption by surface unit as constant
neglects some relevant factors that affect residential buildings. Some of these factors can be
modeled, accounting for the rehabilitation investment for each year and how it affects the
energy demand. However, there are other factors that can derail the bottom-up estimation,
such as behavioral changes. These results must warn us against extending these bottom-up
assumptions through a long time series.

The limitations of the data available to characterize energy consumption and GHG
emissions due to transport are highlighted. The bottom-up estimates provided indicate that
personal mobility accounts for a very small part of the total consumption of oil products for
transport. We should note the several problems associated with the information available
in this regard, which affects both the energy consumption estimation by downscaling and
the bottom-up estimation based on mobility data.

e  Alack of data on mobility in the functional urban area. The mobility data available
excludes trips between the city and the rest of the urban zones in the functional urban
area, which can be an important amount. We consider that this situation is due to the
absence of an adequate institutional framework for both the processing of data and
the adoption of policies at a metropolitan level.

e  The dispersion of fuel suppliers in multiple companies and gas stations make it diffi-
cult to allocate the territorial energy consumption. The different fuel supply companies
carry out their own internal redistribution under their economic calculations, which
are not restricted to administrative limits.

e  Alack of information on freight transport. There is a general absence of information
about freight distribution at a local level, and not only in the Valladolid case [89,90],
which represents an important limitation to achieve a detailed energy consump-
tion characterization.

Considering these limitations, it might be a priority in public policies to obtain better-
quality data in these matters, especially for those more concerned with the local level (city
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council, regional administrations, or even universities). In order to mitigate this problem,
public administrations could adopt other data resources, such as geo-localized datasets [91]
or the inclusion of systematic freight inventories in a permanent statistical program at the
municipal level.

4.4. Further Work

Finally, further work may be oriented towards the comprehensive analysis of the
whole urban metabolism of the city of Valladolid, including those dimensions excluded
from this analysis, such as the footprints of agricultural products, in order to estimate a
more exhaustive set of environmental footprint indicators to complement energy and GHG
emissions, such as water or land use. In addition, a better understanding of the energy
consumption processes located in the city may allow a deeper analysis of energy end-uses.
In that sense, the operational data of the energy plants in the city (CHP, district heating . .. )
would be required. The ongoing energy transition (i.e., the installation of district heating
and large renewable plants in the city, the use of natural gas and electricity in transport,
and the mobility policies or the energetic efficiency investments) as well as the impact of
the COVID crisis should also be analyzed.

5. Conclusions

In conclusion, we point out some specific aspects of our case study and other more
general aspects that can be useful for other cities.

We showed that the GHG emissions reduction policies agreed by the city council
within the framework of the CoM [36] were not achieved by 2019, as the reduction in GHG
emissions in the city were ~11% (reduced to ~5.8% per capita due to a population loss of
~5.5%, i.e., 17,000 inhabitants, in the city over the studied period). This is because energy
consumption is very dependent on fossil fuels (natural gas and oil products) in all sectors.
The contribution of renewable sources is still very limited (3% with respect to the primary
energy consumed in the city in 2019), despite the growth experienced throughout the
decade. Regarding particular sectors, the only one that shows a continuous drop in energy
consumption is residential buildings, although the analysis performed cannot identify
its drivers. We find that reaching GHG neutrality in the city by 2050 would require a
reduction in the GHG emissions of ~13%/year, which is ~20x faster the 2010-2019 average
of 0.6%/year.

The results show the lack of accuracy of the residential building bottom-up estima-
tion, so we cannot make statements on household consumption in residential buildings.
Furthermore, we found serious limitations in analyzing the agents involved in transport
energy consumption, which represents a significant consumption share. Our estimates
concerning passenger transport explain approximately 20% of the energy consumption in
the transport sector, although we must point to significant difficulties in the availability of
precise data on mobility.

Overall, there is a lack of sufficiently precise, detailed evidence from data sources at
the different relevant institutional levels, and notably at metropolitan level, to accurately
analyze the energy flows of the city of Valladolid, which is ultimately a basic requirement
for the development of effective policies.

As a synthesis, the main methodological contribution of this case study is the develop-
ment of a novel methodology which can be useful for other medium or small-size cities.
We estimate:

e Local energy consumption based on non-local information sources;
e Household energy consumption based on data from the energy consumption of
residential buildings and data of passenger transport, using mobility data.

In order to achieve the objectives set for mitigating climate change, it is necessary
to adopt strong measures to understand and transform energy-consuming activities at
the local level. We highlight the fact that every GHG ton counts and, therefore, each city,
whatever its size, must adopt the necessary measures, acknowledging that these must
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be set up in a coordinated way by all the relevant institutional levels, particularly those
beyond the municipal level, which, in Spain, is ultimately greatly limited by institutional
competences and available budget.
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