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ABSTRACT

Energy production and consumption in cities are
both inextricably linked to urban form that in itself is
driven by land use planning. Yet, little is known as to how
changes in land use can impact energy self-sufficiency in
cities, whereby in-boundary energy production is able to
satisfy in-boundary consumption needs. In this paper, we
develop a workflow to model how urban energy self-
sufficiency changes under various scenarios of land use
change. We then apply this method to an empirical
dataset for Palo Alto, a mid-size city in California, USA.
Results indicate that as urban density is increased
through land use change, urban energy self-sufficiency
decreases, prompting the need for the joint
consideration of energy efficiency and other measures
with land use planning. In addition to demonstrating the
importance of land use as an underexplored lever for
urban energy use, our results have practical implications
for the deployment of distributed energy resources
(DERs) in cities, particularly solar energy.

Keywords: urban energy, land use, distributed energy
resources, spatial bootstrapping, data analytics

1. INTRODUCTION

Cities house a majority of the world’s population
and account for more than 75% of global energy use and
80% of greenhouse gas emissions, making the
sustainable delivery of urban energy critical to climate
change mitigation. On the supply side, energy production
in cities through distributed energy resources (DER) such
as solar energy systems are gaining prominence and can
offer significant environmental, economic and resiliency
benefits since they leverage already developed land
resources [1,2]. Both energy consumption and

production in cities can depend significantly on the
physical structure and form of cities, which is in turn
influenced by local developmental controls implemented
through land use planning. For instance, previous work
has hinted at how compact urban form is more energy
efficient from both the building and transportation
energy use perspectives but can be detrimental to the
deployment of solar energy [3]. As the world urbanizes,
urban planners will need to more intentionally consider
the tradeoffs between energy supply and demand as
they relate to land use. This paper aims to develop a
workflow to model how urban energy self-sufficiency
changes under various scenarios of land use change. We
also apply the workflow to a mid-size city in the United
States to empirically evaluate the relationship between
land use change and urban energy self-sufficiency.

2. LITERATURE REVIEW
2.1 Land use and urban energy consumption

On the energy demand side, early seminal research
in the 1980s introduced the idea that urban density
affects energy demand in buildings and transportation
[4]. More recent work has shown that urban building
energy consumption can be significantly influenced not
just by building characteristics [5], but also various
features of urban form [6] such as the street layout [7],
inter-building  effects [8,9], vegetation [10],
microclimatic factors [11,12], and proximity between
various urban systems [13]. Despite the fact that land use
planning often dictates urban form - the physical shape,
layout and density of cities - through zoning codes [14],
there is still significant debate on whether and how
changing land use patterns can influence urban building
energy consumption [15].
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2.2 Land use and urban energy production

On the energy supply side, prior work offers limited
insights on how land use patters can impact urban
energy production, such as through solar energy
systems. The bidirectional interactions of land use and
energy production and the need for planners to
proactively consider how land use decisions can affect
the deployment of energy production technologies has
only recently been recognized as these technologies
become more economically feasible [16]. Researchers
have begun to explore connections between urban
morphology and solar form [17], the effect of urban
density on energy consumption and solar gains [18], and
trade-offs between solar energy potential and vehicle
energy consumption [3].

2.3 Land use and urban energy self-sufficiency

While it is widely accepted in planning practice that
more compact cities characterized by mixed and denser
land uses offer advantages in vibrancy and economic
development [19], there is limited empirical analysis of
how land use impacts energy self-sufficiency in cities,
whereby in-boundary energy production is able to satisfy
in-boundary consumption needs. For instance, while
compact cities might consume lesser energy on average
than sprawling cities, they might not be able to deploy as
much solar power due to space and shading constraints.
Further, past research has relied on simulation of
building and urban energy use through existing software
like EnergyPlus [20]. More recently, the availability of
urban energy consumption and production data that is
more granular both spatially and temporally has made it
possible to analyze such dynamics empirically and extend
simulation-based studies in the literature.

3. METHODOLOGY

The proposed methodology to estimate the effect
of land use change on urban energy self-sufficiency
consists of three main steps (Figure 1): (1) defining
scenarios of land use change (re-zoning) and compiling
energy self-sufficiency metrics; (2) estimating energy
self-sufficiency of rezoned units through geo-weighted
bootstrapping; and (3) utilizing the outputs to inform
policy on local energy efficiency and emissions targets.

3.1 Model setup

Amidst competing pressures of economic growth,
real estate affordability and the need for open space, city
and regional planning agencies make land use decisions

Model setup

Define scenarios of land use change and compile
appropriate urban energy self-sufficiency metrics

Geo-weighted bootstrap

Estimate energy self-sufficiency of rezoned parcels
through geo-weighted bootstrapping model

Use outputs to inform policy

Use estimates to inform policies for local energy self-
sufficiency and emissions targets

Figure 1. Proposed workflow to estimate the impacts of land
use change on urban energy self-sufficiency

regularly through land use and zoning designations at the
parcel level. For instance, some land parcels might be
exclusively zoned to permit only single-family residential
development, while others might be zoned to permit
both multi-family and commercial development. In order
to estimate the effect of land use change, the first step is
to define land use change scenarios. Common scenarios
include the “upzoning” of parcels where changes in land
use enable greater development density, or changes in
land use to support transit-oriented development. We
thus identify the parcels that will be subject to land use
change and therefore will be “rezoned”.

Second, we need to define and operationalize energy
self-sufficiency metrics. Energy self-sufficiency s
calculated simply as the ratio of energy production to
consumption within the identified system boundaries at
the building, parcel, or neighborhood level.

Y. Energy production
Y. Energy consumption

Energy self-sufficiency =

Buildings and transportation are the primary consumers
of energy in urban areas. Therefore, energy consumption
to calculate self-sufficiency can include not just building
but also transportation energy use, aggregated from the
per capita to the building or parcel level. While this
aggregated energy use has been harder to quantify in
past research, newer sources of data can be leveraged
going forward. Similarly, energy production can come
from a variety of distributed energy resources, including
solar, natural gas micro-turbine, or any small-capacity
generator or energy-storage device connected at
distribution voltage levels [21]. This generalized
framework for the definition of energy consumption and
production allows us to take into account disruptive
changes in urban energy systems such as the interactions
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between electric vehicles and building-integrated energy
storage capacity.

3.2 Geo-weighted bootstrap

The next step is to develop the geo-weighted
bootstrap model for the prediction of energy self-
sufficiency of rezoned parcels. Conceptually, this model
combines a geo-weighted regression model with
bootstrap inference to account for two factors: (1) the
expected similarity between the rezoned parcel and
existing parcels with the same land use, and (2) the
expected similarities in the effect of the surrounding
urban context on the rezoned parcel and the parcels
around it. For instance, when a single family residential
parcel is re-zoned to a multi-family residential parcel, an
accurate estimation of the expected energy use of the
rezoned parcel will have to take into account the energy
use of other existing multi-family residential parcels, the
characteristics of the rezoned parcel, and the urban
context within which the parcel is nested, including its
proximity to streets, other buildings and the surrounding
vegetation. This is because the energy use of a newly
rezoned multi-family residential parcel in an older high-
income neighborhood with significant tree cover will be
different from a similarly rezoned parcel in a newer lower
income neighborhood with no tree cover.

Drawing on the generalized form of a geo-weighted
regression (GWR) model [22],

P
J’i=ﬁi0+23ikxik+£i ieCc=1{12,..,n}
k=0

Where 1y; is the energy use of the re-zoned parcel, C is
the index set of locations of m observations and f;; is
the value of the kth parameter at location i. The
independent variables under consideration would
include building characteristics (like age, area, building
like insulation etc), demographic characteristics (like
income, household size etc.) and context characteristics
(like tree cover, proximity to other urban systems etc).

The geo-weighted regression to predict energy use can
then be fitted to repeated samples created through
bootstrapping from the set of existing parcels. Bootstrap
techniques [23], where the sampling distribution of a
specified random variable is estimated through repeated
random resampling with replacement from an existing
dataset, are gradually gaining prominence in building
and urban energy analysis [24]. They offer distinct
advantages for smaller samples of existing energy use

data and can be especially well-suited to the spatial
variation in energy use based on local context [25]. In the
context of urban energy use, they can be employed to
draw robust estimates from existing building energy use
and production information rather than using simulation
orincreasingly complex stand-alone models that attempt
to account for a wide range of influencing factors.

3.3 Outputs for policy

As the world urbanizes, cities are under pressure to
accommodate more people while also growing
economically. Significant changes in land use policy, such
as the new SB-50 bill in the California State Senate [26]
or the rapid and large-scale land use changes in China for
urban construction and transportation [27], are
contributing to changes in urban energy systems that
should be considered by planners. At the same time,
cities are also developing Climate Action Plans that set
targets for building and transportation energy efficiency
as well as renewable energy deployment to reduce
greenhouse gas emissions. Recent research in energy
economics has begun to explore this phenomenon
through the development of measures for the trade-offs
between locational value and economies of scale for
distributed energy resources [21]. Given these trends,
the ability to estimate changes in urban energy patterns
in conjunction with proposed land use change will be
helpful to both local governments and utilities and can
inform appropriate policies for local energy self-
sufficiency and emissions targets.

4. CASE STUDY
4.1 Model setup

To demonstrate and validate the workflow
described above, a simplified real-world case study is
conducted for the downtown area of Palo Alto, a mid-
size city in California, USA. The assessor’s parcel is chosen
as the unit for analysis, and this area contains 464 parcels
of varying sizes and land uses, including commercial,
multi-family residential and single-family residential.
Two scenarios of land use change are considered (Table
1). 25% of existing single family and multi-family
residential parcels are randomly selected and their land
use is changed to multi-family residential and
commercial respectively — these are the newly rezoned
parcels whose energy self-sufficiency is to be estimated.
While this is a very aggressive land use change, it is used
for an accessible illustration of the workflow in our
analysis. On the energy consumption side, annual energy
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use data is compiled for each parcel through spatial joins
and normalized by lot size (area) to create parcel energy
use intensity. On the energy production side, annual
suitable rooftop solar area and direct current (DC)
nameplate capacity (kW) at the parcel level are compiled
through spatial joins and annual AC solar capacity is
estimated using NREL’s PVWatts tool [28,29]. Parcel solar
capacity is normalized by lot area to create parcel solar
intensity. We do not consider seasonal and hourly
variation in energy use and solar capacity, a limitation to
be addressed in future work. We discard parcels with
more than 3 months of missing energy use data.

Table 1. Land use change scenarios for case study

Scenario % parcels
rezoned
(1) Multi-family Residential to Commercial 25%
25%

(2) Single-family to Multi-family Residential

4.2 Bootstrap

Due to data constraints, a highly simplified
bootstrap is implemented in this initial study to estimate
the mean and standard error of the parcel energy use
intensity and parcel rooftop solar capacity for the two
scenarios, resampling 10,000 times. The estimates are
then rescaled by parcel area for the newly rezoned
parcels to obtain parcel energy use and parcel solar
capacity. While this is a streamlined version of this
analysis, the ideal next steps are to create a regression
model that takes a number of building, demographic and
parcel characteristics identified in the literature to be
important in determining energy use of buildings [30].

4.3 Results and Discussion

Figure 2 shows the initial levels of energy self-
sufficiency by parcel land use type in this mid-sized city.
The dashed diagonal line represents energy self-
sufficiency, where a parcel’s energy use and solar
capacity are equal. Parcels are energy self-sufficient
above or on the diagonal, and not self-sufficient below it.
We see that a lot of commercial parcels are not self-
sufficient, pointing to high energy use and lower rooftop
solar area and capacity. Multi-family residential and
single-family residential parcels are more evenly
distributed on both sides, showing potential in attaining
energy self-sufficiency.

Figure 3 shows the change in energy self-sufficiency
when (1) 25% of multi-family residential parcels are
converted to commercial land use, and (2) 25% of single-
family parcels are converted to multi-family residential
land use. The dotted lines link the energy self-sufficiency
values of the re-zoned parcels before and after the land
use change. In both cases, energy use increases while
their rooftop solar capacity decreases when land use
type changes, with the change in self-sufficiency more
pronounced in (1). Results indicate that, if energy self-
sufficiency at the parcel level is to be maintained, then
strong energy efficiency measures need to be embedded
in the building codes to target reduced energy
consumption. Alternatively, production capacity could
be enhanced through investments in community-scale or
small utility-scale solar that has greater efficiencies than
rooftop solar PV. While this is a highly simplified analysis
with strong assumptions, the results highlight the
importance of considering land use planning in tandem
with energy efficiency and decarbonization goals.
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Figure 2. Energy self-sufficiency by land use type;
Note: some points are not displayed in order to scale down axes and enable better visualization.
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Figure 3. Bootstrapped estimates of energy self-sufficiency for parcels changed from (1) multi-family residential to
commercial; (2) single family residential to multi-family residential.
Note: Dotted lines link “Before” and “After” energy self-sufficiency for the 25% of parcels whose land use is changed. Some points are
not displayed in order to scale down axes and enable better visualization.

5. CONCLUSIONS AND FUTURE WORK

While the densification of urban areas, particularly
through increasing the proportion of mixed and multi-
family residential land uses is widely recommended as a
pathway to greater urban energy efficiency, there is
limited empirical evaluation of how energy self-
sufficiency is impacted by municipal land use change.
This paper proposes a workflow to examine and quantify
this relationship through model setup, geo-weighted
bootstrapping and analysis of policy implications. We
apply this workflow to a case study of Palo Alto, a mid-
sized city in California, USA, and find that land use
impacts energy self-sufficiency in ways that are not
captured by looking solely at energy consumption.
Results indicate that planners will need to actively
consider energy efficiency policies as well the choice of
incentives for appropriate building- and transportation-
integrated energy technologies in land use planning.

This paper represents a crucial first step in empirically
quantifying the relationship between land use and
energy self-sufficiency yet has several limitations. First,
only a few land use change scenarios were considered,
and our case study sample was limited to a mid-size city
in the United States. Future work should explore more
types of land use change, particularly around mixed land
uses, and extend this analysis to cities with varying size,

climate and demographic characteristics. A more
realistic set of land use changes can simulate real-world
zoning scenarios rather than simply assuming that 25%
of parcels are re-zoned. Second, it is assumed that
changes in land use will result in the actual “building up”
of the parcel to the maximum extent possible. Previous
work suggests that this might not be the case [31,32], so
future work can dive deeper into appropriate scaling
factors. Third, hourly and seasonal variations in energy
self-sufficiency are outside the scope of this paper but
are critical areas of work in the future. Finally, future
iterations of this work can empirically examine the
interconnections between building and transportation
energy use as land use changes, which would offer a
more realistic picture of urban energy use as a whole.

In conclusion, this work points to the need for a deeper
understanding of land use as an underexplored pathway
in urban energy efficiency and decarbonization. The
proactive consideration of land use in urban energy
planning will be critical to realizing decarbonization and
sustainability goals of cities around the world.
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