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The urban metabolism of Metropolitan Lima, the largest urban agglomeration in Peru,
which has recently surpassed 10 million inhabitants, was analyzed in this study. This
coastal megacity, located within the Rimac, Chillén, and Lurin watersheds constitutes
the socioeconomic center of the country and is the hub of the main import and export
routes. A multi-layer approach was used to explore material and energy flows in the
Peruvian capital for a 10-year timeframe. Results show that in 2006 the GDP of the
49 districts that shape the metropolitan area of Lima was 105.2 billion USD-PPP, while
in 2014 it reached about 200 billion USD-PPP. Based on this growth, we highlight
that energy, electricity and water flows experienced a linear increase with respect to
GDP, being the electricity consumption in years 2006, 2011 and 2014, 7295, 10,112,
and 11,465 GWh, respectively. Regarding demographics, population growth ratios of
GDP (650%), electricity consumption (400%), solid waste production (250%), and water
(100%) confirm the results of super linear scaling found by Kennedy et al. (2015) for the
other megacities. Finally, the increase in greenhouse gas (GHG) emissions was computed
following an important shift in the primary energy sources to produce electricity. The most
important change was linked to the shift from hydropower to natural gas, a trend that
initiated in 2006. For instance, in 2001 79% of the total electricity production came from
hydropower, whereas in 2014 69% was linked to natural gas. This shift produced an
increase of GHG emissions of more than 200% in 2014 when compared to the electricity
generation mix of 2001. Following these results, we strongly encourage policies for the
decarbonization of the electricity production sector, as well as for mobility infrastructures,
€.g., electric public and transport sector, with a progressive shift toward electric mobility.

Keywords: urban metabolism, megacities, climate policy, energy efficiency, energy policy

INTRODUCTION

More than 54% of the world’s population currently lives in cities. Hence, major material, water and
energy flows are connected to these systems (Hodson et al., 2012) and resource use is expected
to increase in the future, as the urban population is projected to increase to 70% in 2050. While
these resources are essential to carry out the diverse array of activities performed in urban
systems, their unprecedented consumption and the associated unsustainable waste generation
cause important environmental impacts that affect society and biodiversity. Thus, it is critical to
expand our understanding on urban systems and related socio-technical processes and outcomes.
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Such a complex scenario triggers the need to use a method
with a holistic approach that can assess the sustainability of
a city as a whole system, where all the parameters considered
are deeply interconnected and influence one another (Bohringer
and Jochem, 2007; Maranghi et al., 2020). The multiple
interactions and interconnections that a complex city system
shows should be managed considering the framework of
urban thermodynamics. This deals with the application of the
thermodynamic laws and concepts to identify and support the
quantification of city dimensions and subdimension, flows, links
and correlations that are present in a complex system like a city
(Filchakova et al., 2012).

A methodological approach capable of assessing the material
and energy flows of urban system is Urban Metabolism -
UM (Kennedy C. et al, 2007; Pincetl et al., 2012). In recent
years, there was also a particular interest in expanding the UM
framework beyond biophysical parameters to include measures
of social wellbeing. This has previously been explored in a study
of Sydney’s UM performed by Newman (1999), who proposed
an extended metabolism model including livability measures
of health, employment, income, education, housing, leisure
and community activities. Under Newman’s approach, however,
these social indicators were simply added to the biophysical
parameters. A more integrative approach would recognize that
social, health and economic impacts are inherently related to
UM. In this line of thinking, Kennedy (2014) developed a multi-
layered survey for UM studies involving socio-economic aspects
and the role of policy makers and utilities.

Indeed, the concept of urban metabolism provides a means of
understanding the sustainable development of cities by drawing
an analogy with the metabolic processes of organisms. The
parallels are strong: “Cities transform raw materials, fuel, and
water into the built environment, human biomass and waste”
(Decker et al., 2000). In practice, the study of urban metabolism
(in urban ecology) requires quantification of the inputs, outputs,
and storage of energy, water, nutrients, materials, and wastes.
In other words, UM is a metaphorical framework that can be
used to evaluate the interactions (i.e., flows) between natural
and urban ecosystems. The metabolism provides measures of
resource efficiency and the degree of circularity of resource
streams and may be helpful in identifying opportunities to
improve these measures. UM also provides a mean to understand
processes such as rising or falling groundwater levels, urban heat
islands, accumulation of nutrients, and the long-terms impacts
of hazardous materials stored in the building stock (Kennedy
C. et al, 2007; Kennedy et al., 2015). In addition, there is
a variety of practical reasons for applying the UM approach.
First, the metabolism parameters provide suitable measures of
the magnitude of resource exploitation and waste generation
for use as sustainability indicators. The metabolism provides
measures of resource efficiency and the degree of circularity of
resource streams, and may be helpful in identifying opportunities
to improve these measures. As well as enabling comprehensive
accounting of the stocks and flows through cities, UM also
provides a context to understand critical processes such as rising
or falling groundwater levels, urban heat islands, accumulation
of nutrients, and the long-terms impacts of hazardous materials

stored in the building stock. It is pertinent for urban policy
makers to understand the metabolism of their cities, to consider
to what extent their nearest resources are close to exhaustion
and, where necessary, to develop appropriate strategies to
slow exploitation.

In this paper we study the Metropolitan Lima, Peru’s capital
city, by assessing its UM to understand the technical and
socioeconomic processes and to quantify its material and energy
flows in the past decade. Recently, Metropolitan Lima, the
largest urban agglomeration in Peru, has surpassed 10 million
inhabitants. This coastal megacity, located within the Rimac,
Chillén, and Lurin watersheds, is the socio-economic center of
the country and is the hub of the principal import and export
routes. To assess its UM the methodological approach proposed
by Kennedy and colleagues was used (Kennedy, 2014), who
developed a survey according to a multi-layered model of the city.

This paper is organized as follows: in section Materials and
Methods the data and the methods used are described; section
Results focuses on the results linked to energy and material flows
in Lima from a temporal perspective, focusing on the period
2001-2014. Finally, conclusions are stated in section Discussion
and conclusions.

MATERIALS AND METHODS

Urban Metabolism

Urban metabolism (UM) is defined as “the sum total of
the technical and socio-economic processes that occur in cities,
resulting in growth, production of energy, and elimination of
waste” (Kennedy C. et al.,, 2007). An analysis of UM involves
quantification of a city’s inputs, outputs and storage of energy,
materials, nutrients, water, and wastes. The advantages of
using UM as a unifying framework to study sustainable urban
development are well described by Kennedy et al. (2011),
since it: (i) explicitly identifies the system’s boundaries; (ii)
accounts for inputs and outputs to the system; (iii) includes
decomposable elements for targeted, sectoral research; (iv) is
an adaptive approach to solutions and their consequences; and
(v) integrates social science and biophysical science/technology.
Analysis of UM is becoming recognized as a standard and
necessary step toward sustainable urban development (Kennedy
and Hoornweg, 2012), and is usually studied or measured by
aggregate parameters, although this does not preclude finer
scale analysis, but at a first level of engagement, UM is usually
quantified by bulk measures such as total annual energy and
mass flows. This parallels the way in which human metabolism is
measured by aggregated measures such as total energy or oxygen
input per day.

Data

Data have been collected by the authors by means of a survey
developed according to the multi-layered method proposed
by Kennedy (2014). Data have been collected for years 2001,
2006, and 2011-2014, and refer to the metropolitan area of
Lima, including the provinces of Lima and Callao, an urban
agglomeration of 9.7 million inhabitants as of 2014. In a further
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FIGURE 1 | Percent growth of metabolic flows in the period 2001-2014.
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step, the database integrity has been checked and data have been
validated, filtered and out layered values have been corrected.

RESULTS

On a general view, regarding the biophysical characteristics, the
total land area of Lima is around 2,670 km?, out of which 930 km?
were classified as urbanized area in 2011. Moreover, the building
gross floor area was calculated to be 428 km? in 2014, while
the residential area is around 190 km?. Electricity consumption
for years 2006, 2011, and 2014, was 7295, 10,112, and 11,465
GWHh, respectively. In addition, between the studied years (2001
2014) there has been an important shift in the primary energy
sources to produce electricity. For example, in 2001, 79% of the
total production came from hydropower, while in 2014, 69%
came from natural gas. This shift is caused by the exploitation
of the large natural gas deposit present in Peru, triggered by
the construction of Peru LNG, the first natural gas liquefaction
plant in South America, and by the political decision to use
the resources to produce electricity and to fuel private and
public mobility. Moreover, there has been a drastic reduction
of kerosene consumption in the Peruvian capital: from 11,984
TJ in 2001 to zero in 2014. Similarly, the consumption of water
in year 2001 was 379 million m?, by 2006 it had increased to
450 million m?, it reached 503 million m* in 2011, and was
536 million m® in 2014. Under the economic point of view, in
2014 the GDP of the 49 districts that shape Metropolitan Lima
was, approximately, 311 billion soles! (i.e., 200 billion USD-PPP).
Moreover, 12 years earlier, in 2006, this value was 148 billion soles
(i.e., 105.2 billion USD-PPP).

1Sol is the currency used in Peru ever since December 15th 2015. Prior to this date,
the currency was named Nuevo Sol.

TABLE 1 | Elasticity of the metabolic flows with respect to population.

Flow Elasticity
GDP 6.91
Electricity 4.05
Solid waste 0.79
Total energy 2.60
Water 0.79
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FIGURE 2 | Evolution of total energy use vs. GDP.

Going in deeper detail, our analysis of the metabolic flows
starts by considering the impact of the population growth in
the last decade. As one of the main drivers of UM, a super
linear scaling has been found for megacities by Kennedy et al.
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(2015). For each flow we have computed the growth rate GR
(i.e,, the percent growth in time), and Figure1l shows that
in the period 2001-2014 the growth rates of GDP, electricity
consumption, total energy consumption, and water consumption
grew faster with respect to the population. In particular, following
a population increase of ca. 20% in the period 2001-2011, the
most relevant increase has been observed for GDP (>180%) and
electricity (~120%). This result is also consistent with previous
findings in other Latin American megacities evaluated (Kennedy
et al., 2015; Facchini et al., 2017).

A further information about the impact of population
growth on the urban flows can be extracted by considering
the ratio between the 14-year growth rates of the flows with
respect to population, ie., we look at the elasticity values
of the flows with respect to the population. Table1 shows
that both GDP and electricity experienced a relevant increase,
while solid waste consumption and water consumption are
slightly below 1.

Observing elasticity values over 1, and in general well above
5 and 6 (when considering other megacities) is of particular
interest under the point of view of sustainability and efficient
use of resources. In general, according to the recent findings on
megacities research (Kennedy et al., 2015; Facchini et al., 2017)
the super linear scaling of the flows with respect to the population
increase should not be surprising: cities are powerful engines of
economic growth, and especially in the emerging and developing

by shifting to more efficient energy sources, being at the top
of the ladder electricity. Furthermore, Liddle and Lung (2014)
show a direct link between electricity and GDP, while a further
relationship between GDP and access to electricity share has been
provided by Stewart et al. (2018). In addition, switching to more
efficient fuels for a significative part of the population may lead to
the emergence of rebound effect (Greening et al., 2000; Hertwich,
2005). In particular, values over 70% have been observed in
households of selected Chinese cities, while a rebound effect
over 100% in Chinese megacities economies has been recently
observed by Shao et al. (2019). Therefore, as a first hypothesis we
could argue that the high elasticity values observed may be caused
by a mix of socio-economic factors, infrastructure improvement,
and citizens’ behavior. On the contrary, other metabolic flows
are found to be rigid with respect to the population: water
consumption and waste collection have both values around
0.79. Water consumption may be rigid because Lima lays in a
water-scarce area, and effective policies have been implemented
with the aim to reduce water consumption. Furthermore, water
and waste collection infrastructures are basically different from
energy infrastructure, especially when considering the electricity
distribution network. In fact, while over 99% of the households

TABLE 2 | Linear models of metabolic flows with respect to GDP.

countries are spatial accumulation regions that attracts a  Flow Linear model R2
consistent amount of people. In addition, especially in megacities
of fast-growing economies, as for the case of Latin America,  Total energy consumption y =0.83x + 57.581,69 0.98
people are rapidly exiting from the low-income bracket joining  Electricity consumption y =0.18x + 8.065,35 ~100
the middle class, yielding an increase of GDP and electricity =~ Water consumption y =1.16x+310.275,41 0.97
consumption. This also means that they climb the energy ladder =~ Waste disposal y=001x+1.072,46 0.97
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FIGURE 3 | Temporal evolution of electricity consumption vs GDP.
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are connected to the electricity grid, household with water
connections are 86%, while public waste collection is estimated
to be around 70%. Therefore, while electricity is available for the
news urban people (including those living in slums), water and
waste collection is not ubiquitous and do not suffer from high
elasticity values.

The close relation between GDP and electricity consumption
is made more evident when looking at the temporal evolution
of metabolic flows in relation to GDP, where a significant
linear correlation was identified for the different flows
(i.e., energy, water, and waste). For instance, Figures2, 3,
respectively, show the values of total energy consumption
and electricity consumption as compared to GDP. Both
follow with great accuracy a linear model, showing that
energy and electricity consumption continuously increased
in the period 2001-2014. Material flows, namely water
consumption and waste collection also follow with a similar
degree of accuracy this linear model when compared
to GDP. This confirms the connection of urban flows
with GDP as also observed by Liddle and Lung (2014)
and literature cited therein. Table2 reports the values
of the correlation coefficients and of R? for the linear
models considered.

Focusing on energy, the total consumption patterns have
been analyzed. Total energy is the energy consumed both for
mobile and stationary end use, while for stationary energy
we mean those energy forms that do not involve mobility,

e.g., end-use electricity consumption, heating and cooling fuels.
Further, mobile energy includes the energy sources used for
public and private transportation, such as gasoline, diesel, jet
and marine fuels. As shown in Figure 4, consistent differences
are presented within the years 2006-2011, both under the
point of view of total values (from ~133.000 to ~193.000
TJ) and under the point of view of the disaggregated types
of fuel used. In particular, for years 2001-2006 while the
use of diesel, jet fuel, gasoline, and coal remains substantially
unchanged, in 2006 the city began to rely on gas for its
energy needs, in particular CNG, LPG and natural gas.
Indeed, natural gas is the energy source that experienced the
more significant change in the last decade. This change is
observed both in the transportation sector and in the electricity
generation sector.

With regards to transportation, in 2001 natural gas was not the
major energy carrier, while in 2006 and 2011 the consumption
was 278 and 15162 TJ, respectively. Furthermore, in 2014, the
consumption was 22366 TJ. After the arrival of natural gas
to Lima and due to the big push from the government to
stimulate the use of natural gas as an alternative to gasoline,
the consumption of natural gas increased rapidly in the period
2004-2011. The consumption of CNG is related mainly to
passenger cars. In this sense, the automotive fleet has experienced
a sharp increase in CNG vehicles, from 5,433 vehicles in
2006, to 127265 in 2011 and 197151 in 2014 (OSINERGMIN,
2015). Electricity consumption patterns by sectors did not

B Actual Evolution
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FIGURE 6 | Comparison of CO» equivalent emissions considering different electricity generation mix.
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change significantly in the examined period, as depicted the
following table:

2006 2011 2012 2013 2014
Electricity consumption by sector
Residential (%) 36 35 35 34 31
Commercial/institutional (%) 29 32 32 31 28
Industrial (%) 31 30 31 33 38
Other (%) 3 3 3 3 3

Electricity generation patterns experienced the most notable
change in the UM of Lima. Figure5 shows the evolution
of electricity generation mix in the period considered. The
sources of primary energy to produce electricity have changed
significantly in the past 15 years. In 2001, Lima’s electricity
demand was covered mainly with hydroelectric power, with 79%
of the total consumption from hydroelectric and 21% from oil
and natural gas. At that time, hydropower was dominating the
whole electricity market. The extraction of domestic natural
gas, which started in 2004, changed the power generation
market. Indeed, the percentages have varied ever since, with a
tendency of natural gas to become more relevant in the electricity
grid. Hence, while in 2006 hydroelectric power was still highly
dominant (77%) as compared to natural gas (15%), it has slowly
commenced to dwindle. By 2011 it has reduced to a 45% hydro
and 51% natural gas, and finally to 30% hydro, 69% natural gas
in 2014.

This radical change has mainly impacted the greenhouse gas
(GHG) emissions linked to electricity production, as reported
by Vazquz-Rowe et al. (2015). To highlight this, we compute
the carbon emissions according to two conditions: the first one
considers the actual evolution of the electricity generation mix,
while the second one ignores the shift toward the GNG and
assumes an electricity mix based on hydropower. Figure 6 shows
the CO,eq emissions according to the two above-mentioned
conditions, clearly pointing out that the switch to natural gas
caused an increase of emissions about two times larger in the
period 2011-2014. In particular, referring to 2014, the current
emissions are about 6.5 x 10°kt, against the 2.5 x 10kt
computed according to the 2001 generation mix.

DISCUSSION AND CONCLUSIONS

In this paper the temporal evolution of the energy and material
flows of Metropolitan Lima were assessed. A direct relation
of the metabolic flows with GDP was demonstrated, finding
that linear models able to describe with greater accuracy the
temporal evolution of electricity, energy, and water consumption,
as well as solid waste disposal. In addition, population is a
relevant factor, as we find that the increase of flows with
time is in line with the other megacities of the area, and
further confirms that metabolic flows and GDP are significantly
triggered by small increments of the population, also confirming

the super linear scaling found for other megacities (Kennedy
et al., 2015). By entering in better detail in the energy
consumption mix of Lima, we point out that since 2006
Lima started relying on natural gas for its energy needs both
for stationary and mobile energy use, resulted in a deep
shift in the GHG emission of the megacity. This produced a
relevant impact in terms of CO, emissions, in particular those
concerning the electricity generation mix, which has doubled
its carbon footprint in the last decade. According to these
results, we strongly encourage policies for the decarbonization
of the electricity production sector, as well as for mobility
infrastructures, e.g., electric public and transport sector, with a
progressive shift toward electric mobility relying on renewable
energy sources.

Future directions will be devoted to a more detailed analysis
of sustainable energy use patterns, with a particular interest in
the household sector and in sustainable mobility solutions, with
a focus on electric vs. LNG fueled public mobility. Under the
point of view of urban metabolic flows in a circular economy
perspective, elasticity values over 1 are likely to be considered
a symptom of scarce circularity and low efficiency in the use
of resources. Indeed, a more rigid behavior of the metabolic
flows with respect to population are likely to be attained
by introducing efficiency and circularity policies for flows.
Efficiency policies are more suitable for energy consumption,
while circularity policies are more indicated for material flows,
like water, wastewater and solid waste. This division should
not be considered hard. By example degraded energy can
be used for heating and waste can be incinerated entering
again the energy recycling process. Furthermore, circularity
accounting with urban metabolism may be considered a simple
and efficient way to avoid pitfalls like energy or material
losses in recycling processes, an issue that has been pointed
out by Cullen (2017). Finally, to evaluate the performance of
circularity policies we think that a material flow accounting
approach may give important insights to policy/decision
makers both under the qualitative and quantitative
point of view.
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