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Abstract

This study establishes a reference framework to identify a predictive model of urban growth
and its orientation for the projection of land reserves for a real estate organization in the state
of Nuevo Leon, Mexico. The study is focused on a linear and polynomial regression modeling
algorithm using data from the National Institute of Statistics and Geography (INEGI). The input
information is historical data from the years 1970 to 2010, which was used to make projections
for the year 2020, the results are compared with the 2020 report presented by INEGI to identify
the accuracy of the model. The methodology includes three stages: data preparation, data mo-
deling in Python, and interpretation of results. A coincidence relationship of 90.6 per cent was
found, the final modeling was completed until the year 2040, and the results show a distribution
of growth with a high percentage of increase in the metropolitan area; 25.45 per cent in 2030,
and 75.72 per cent in 2040. Finally, the study recommends geographic orientation in the search
for reserves for future planning of works.

Keywords: Urban growth; regression model; prediction; land use.
Resumen

Este estudio establece un marco de referencia para identificar un modelo predictivo del creci-
miento urbano y su orientacion para la proyeccion de reservas de territorio para una organizacion
inmobiliaria en el estado de Nuevo Ledon, México. El estudio esta enfocado en un algoritmo de
modelacion de regresion lineal y polindmica utilizando los datos del Instituto Nacional de Esta-
distica y Geografia (INEGI). La informacion de entrada son datos historicos de los afios 1970 al
2010, los cuales se utilizaron para realizar proyecciones del aiio 2020, los resultados se comparan
con el reporte del 2020 presentados por INEGI para identificar la precision del modelo. La meto-
dologia incluye tres etapas: preparacion de datos, modelacion de datos en Python, y la interpreta-
cion de resultados. Se encontrd una relacion de coincidencia de 90.6 per cent, la modelacion final
se completo hasta el afio 2040, los resultados muestran una distribucion de crecimiento con alto
porcentaje de incremento en el drea metropolitana; de 25.45 per cent en 2030, y 75.72 per cent
en 2040. Por tltimo, el estudio recomienda la orientacion geografica en la busqueda de reservas
para la planeacion futura de obras.

Palabras clave: Crecimiento urbano; modelo de regresion; prediccion; uso de suelo.
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INTRODUCTION

he accelerated growth of urban centers is a phenomenon charac-

terized by the concentration of most of the expanding transfor-

mation industry, since employers and businesses have moved out
of the center, favoring the increase of population in the surrounding cities,
resulting in a greater expansion of the peripheral area (Aguilar, 1999). It is
crucial for both current and future societies that urban growth occurs op-
timally, maximizing benefits for the general population while minimizing
economic and environmental costs (Mandelas, 2007).

Studies on urban growth have garnered considerable attention over the
past two decades (Wahyudi, 2013), particularly because urban areas are
consistently and rapidly expanding worldwide. The task of managing ur-
ban growth has increased both in scope and complexity, becoming one of
the most significant challenges of the 21st century (Thapa, 2012), especia-
lly within the context of global environmental change. In this case, the ob-
jective is to identify the area’s most likely to become populated to acquire
them as land reserves for housing construction purposes.

Nuevo Leon ranks second in the state competitiveness index in Mexico,
and is therefore one of the most important for the country, with an econo-
mically active population of 2.54 million people, is the third largest eco-
nomy in the country, contributing 7.6 per cent of the national GDP, leads
the country’s secondary activities, is a leader in the construction sector, is
the third entity with the most jobs generated and with the greatest attrac-
tion of foreign investment (Barcenas, 2020). During the last three decades,
the state capital Monterrey and its metropolitan area have experienced ra-
pid and uncontrolled urbanization. The growth of urban sprawl consumes
natural resources such as agricultural land, natural landscapes, hills and
mountain sides. Because of the importance of the state and the relevance
of its industrial environment, it has been chosen in this study to predict its
future urban growth.

The population increase in the last decades indicates that the state of
Nuevo Leon became much more populated in the metropolitan area and
this should be the main driver of urbanization and land use change in the
state (Seto, 2002). Much research has focused on changes in urban land use
(Xiao, 2006) since urban ecosystems are strongly affected by human acti-
vities and have a close relationship with the life of the population (Stow,
2002).
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Forecasting the magnitude and location of urban expansion are key
concepts for city planning, as they allow quantifying future needs and the
costs of various public services, such as health, education and housing, as
well as environmental risks. In the same way, scenarios for job accessi-
bility, changes in demand, transportation needs and traffic flows are enri-
ched (Suérez, 2007). Detailed analysis and monitoring of changes in land
use expansion or growth require a substantial amount of data. The use of
technological tools such as remote sensing or spatial positioning techni-
ques such as georeferencing allow, in a broader way, to obtain data (Araya,
2010).

In Mexico, urbanization has become a global trend that affects the ma-
jority of citizens, not only in the country but worldwide. Currently, 55 per
cent of the global population lives in cities, and statistics predict that by
2050, urban centers will need to accommodate approximately 70 per cent
of the world’s population. In Mexico, 78 per cent of the population lives
in cities, the urban population has doubled in the past 30 years, and since
then, urban areas have expanded to seven times their original size (Rojas,
2020).

The exponential growth in the population of Nuevo Leon has led to a
significant increase in housing demand. Between 2015 and 2020, the sta-
te’s population steadily increased, rising by 13 per cent in just five years.
By 2023, Nuevo Leoén’s population reached 5,784,442 inhabitants, with an
estimated annual growth of approximately 133,000 people in recent years,
according to the 2020 census conducted by the National Population Coun-
cil (CONAPO).

Having an opportunity for economic and demographic growth, as seen
in the state of Nuevo Leodn, drives companies in the housing construction
sector to undertake long-term investment projects focused on acquiring
lots for residential use. These companies face critical decisions regarding
selecting suitable land and minimizing the risk associated with millions
of pesos invested in urbanization and infrastructure expenses, especially
if the market does not respond as expected to housing sales. Even more
concerning is the possibility that the developed area may lack interest and
become obsolete or abandoned. This is an ongoing concern for developers,
and for many, it has become a reality. This situation often results from a
lack of alignment with the urban development plan by the government,
which exacerbates the consequences of poor site selection. The risks are
further heightened when decisions are made empirically or based on un-
founded perceptions.
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Researchers in the construction industry state that there are currently
few developers in the country with clearly defined expansion plans for
their projects. In most cases, developments are built on land inherited from
previous generations. This poses a significant limitation since, in general,
the land is not suitable, and developers must make the best of the loca-
tion they have. This is just one example of why developers need to start
planning long-term strategies for growth and seeking land with better de-
velopment potential, taking into account industrial expansion trends and
consumer needs. Otherwise, they face a high risk of potential failure. The
lack of long-term strategic planning among many developers is alarming,
especially given the high costs associated with mistakes in choosing loca-
tions for new projects.

This work considers a model for estimating housing growth in the
state of Nuevo Ledn, aimed at predicting the number of housing units in
each municipality over different time periods. The model leverages trend
analysis techniques to provide insights and visualize the direction of urban
expansion. This information is intended to support decision-makers in a
construction company in selecting residential lots for the development of
new housing projects.

METHODOLOGY

The methodology of this study is presented in three stages. The first stage
involves the preparation and processing of data extracted from the 2020
Population and Housing Census available on the INEGI platform, specifi-
cally from the report Sociodemographic Overview of Nuevo Leon, focu-
sing on factors reflecting urban growth.

In the second stage, data modeling is conducted, along with the esti-
mation of the accuracy of the results, based on the structured information
from the first stage. This is achieved using linear and polynomial regres-
sion models, implemented in the Python programming environment, with
the aim of predicting future housing growth in each municipality of Nuevo
Leoén.

The third stage presents the visualization of results for each of the time
periods estimated by the regression model, both for each municipality and
for the state as a whole.

This section briefly introduces the statistical technique used to analyze
housing growth in the municipalities of Nuevo Leon. Essentially, the deve-
loped models can be divided into two types: process-based models and da-
ta-based models. Among the process-based models are Cellular Automata
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(CA); since the 1980s, numerous models have been developed using this
method to simulate urban growth (Sante, 2010). CA represents a potential
approach for modeling urban growth by simulating spatial processes as a
discrete and dynamic system in both space and time (Alkheder, 2008).

Regression, on the other hand, is data-based and is a common method
for predicting and determining relationships between urban land uses and
independent variables (Fang, 2004). Linear, polynomial, and logistic re-
gression models have been widely used in urban growth modeling, incor-
porating independent socioeconomic and environmental variables (Poel-
mans, 2009).

Linear regression models are frequently used across various disciplines,
including medical sciences, engineering, stock market forecasting, and the
energy sector, among others. This study takes into account certain con-
cerns regarding the use of the proposed tool to facilitate result analysis by
personnel who may not have a strong grasp of the statistical foundations
of these models.

In reviewing the literature, some authors have utilized and proposed a
wide range of programs to perform linear regression analysis. These tools
include mathematical functions that must be written and executed to carry
out regression analysis. Moreover, understanding the results generated by
these tools is not always feasible for non-expert users. Researchers have
also applied standard statistical techniques to manually derive the best-fi-
tting linear regression model, a process that is time-consuming and often
complex (Roy, 2022).

This study proposes a model developed in the Python programming
language. The proposed semi-automated tool for linear regression analysis
will be highly beneficial in scenarios where time and effort can be saved in
estimating the number of housing units for each municipality in the state.
Another advantage is the ease of interpretation of the analysis results for
non-expert users.

Linear and polynomial regression were examined based on the avai-
lability of information in the INEGI database to identify the predictive
model for housing growth in each of the 51 municipalities of Nuevo Ledn,
Mexico, with particular emphasis on the results presented in the metropo-
litan area.
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LITERATURE REVIEW
Linear and polynomial regression

Regression is a statistical technique that attempts to estimate the stren-
gth and nature of the relationship between a dependent variable and a
series of independent variables. Regression analyses can be linear and
nonlinear. A regression is called linear when it is linear in parameters:
y=B,tBx, +..+Bx +eparai=12,...,n, wherey is the response
variable, x denotes the independent variable, f is the intercept and other fs
are known as slopes (Sharma, 2020).

In the case of best fitting a curve to the data, an alternative is to fit
a polynomial to the data using polynomial regression, in which the re-
lationship between the independent variable and the dependent variables
is modeled as a polynomial of order n. It fits a nonlinear relationship
between the observed variables; but, as a statistical estimation problem,
it is linear, because the regression function is linear in the unknown re-
gression parameters. The objective of regression analysis is to model
the expected value of a dependent variable in terms of the value of an
independent variable (or vector of independent variables) x. In gene-
ral, the expected value of y as a polynomial of order », which produces
the general polynomial regression model, can be expressed as follows:
y=B,tBx +Bx +..+Bx" +¢&¢e~(0,0%,parai=12,...,n(Mont-
gomery, 2012).

Measurement of model accuracy

It is important to have a measurement of the forecast or projection accura-
cy obtained from the models. This measurement plays a crucial role as it
allows us to observe the forecasting error due to variability and uncertain-
ty. The projection error or accuracy is derived from the difference between
the actual value and the predicted value for a specific period.

The mean square error MSE is an unbiased estimator of the variance 62
of the random error term and is defined in the equation:

_ SSE _ Z?=1(3’1 - 5;1,)2

MSE
SE = T TG+ D)

Where y, are the observed values and i are the fitted values of the
dependent variable Y for the i-th case. Since the mean square error is the
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average of the squared error, where the average is done by dividing by the
degrees of freedom, the is a measure of how well the regression fits the
data. The square root of MSE is an estimator of the standard deviation ¢
of the random error term. The mean square error RMSE =+ MSE is not an
unbiased estimator of ¢, but it is still a good estimator. MSE and RMSE are
measures of the size of the errors in the regression and give us an indication
about the explained component of the regression fit (Aczel, 2006).

The mean absolute percentage error MAPE is the most useful measure
for comparing forecast accuracy across different items or products, as it
measures relative performance (Makridakis, 1997). It is a commonly used
measure of accuracy in quantitative forecasting methods. This measure is
defined in the equation:

100 %
MAPE = 2
n

i=1

Vi —}A’i|
Yi

If the value calculated by MAPE is less than 10 per cent, it is interpreted
as an excellent and accurate forecast, between 10 and 20 per cent is a good
forecast, between 20 and 50 per cent is an acceptable forecast and more
than 50 per cent is an inaccurate forecast (Lewis, 1982).

The R-cuadrado R? (coefficient of determination) of multiple regression
is similar to simple regression where the coefficient of determination R? is
defined as:

o _SSE_ . ZL01 =9’
ST~ T 3,01 - 7))
Where SST is the total sum of squares and Y is the arithmetic mean of
the variable Y. R*> measures the percentage of variation in the response
variable Y that is explained by the explanatory variable X. Therefore, it is
an important measure of how well the regression model fits the data. The
value of R? is always between zero and one, 0 < R* < 1. An R? value of 0.9
or higher is very good, a value above 0.8 is good, and a value of 0.6 or hi-
gher may be satisfactory in some applications, although we must be aware
that in such cases prediction errors may occur. When the value of R? is 0.5
or lower, the regression explains only 50 per cent or less of the variation in
the data; therefore, the prediction may be poor (Ostertagova, 2011).
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Study area

The study area is the state of Nuevo Leon, Mexico, located in the northeas-
tern part of the country. It borders the United States to the north, separated
by the Rio Bravo; Tamaulipas to the east; San Luis Potosi to the south; and
Coahuila and Zacatecas to the west. It is divided into 51 municipalities.
The municipalities of Apodaca, Cadereyta Jiménez, Garcia, General Es-
cobedo, Guadalupe, Salinas Victoria, El Carmen, Juarez, San Nicolas de
los Garza, San Pedro Garza Garcia, Santa Catarina, Santiago, and, due to
its growth, Pesqueria, along with Monterrey, form the Metropolitan Area
of Monterrey, which plays a key role in the economy of the state and the
country. The remaining municipalities are: Abasolo, Agualeguas, Los Al-
damas, Allende, Andhuac, Aramberri, Bustamante, Cerralvo, Ciénega de
Flores, China, Doctor Arroyo, Doctor Coss, Doctor Gonzalez, Galeana,
General Bravo, General Teran, General Trevifio, General Zaragoza, Gene-
ral Zuazua, Los Herreras, Higueras, Hualahuises, Iturbide, Lampazos de
Naranjo, Linares, Marin, Melchor Ocampo, Mier y Noriega, Mina, Monte-
morelos, Pards, Los Ramones, Rayones, Sabinas Hidalgo, Hidalgo, Valle-
cillo, and Villaldama (INEGI, 2020).

The territorial distribution of the state covers 64,156.2 km?2, which re-
presents 3.3 per cent of the national territory. The population density is
90.2 inhabitants per km?. The state has 1,655,256 occupied private dwe-
llings, accounting for 4.7 per cent of the national total. On average, each
dwelling has 3.5 occupants, and 99 per cent of the dwellings have access
to basic services such as electricity, drainage, sanitation, and piped water
(INEGI, 2020).

According to the 2020 Population and Housing Census report by INEGI,
in 2020, the state of Nuevo Ledn, Mexico, ranked seventh nationwide in
terms of population. Between 2000 and 2020, the population increased by
50.8 per cent, while in the last five years (2015-2020), the growth was 13.1
per cent. The population of Nuevo Leon in 2020 reached 5,784,442 inhabi-
tants, with an estimated annual growth of 133,000 people. This represents
an exponential population growth in the state, which has led to a significant
increase in the demand for housing, public services, roads, transportation,
and other infrastructure (INEGI, 2020).
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Figure 1: Location of the study area: (a) map of the administrative division of the state of
Nuevo Leon, (b) metropolitan area of Monterrey and (c) keys and names of the 51 munici-
palities in the study area

A N\ @ (b)

Source: INEGI 2020.
Data

The availability of accurate, reliable, and high-quality data is crucial for the
success of any research. In Mexico, INEGI makes a considerable amount
of historical and current information publicly available, with sufficient de-
tail to enable society to conduct analyses and studies, particularly for ur-
banization studies, urban spatial analysis, and future urban planning. The
required data collected includes historical data on housing growth trends
from 1970 to 2020 in the state. Table 1 breaks down the information for the
municipalities that make up the Metropolitan Area of Monterrey.

Since this study focuses on simulating urban expansion based on hou-
sing growth, the data is limited to this specific use. The selected and co-
llected variables, which serve as driving forces for housing growth in this
work for the development of estimation models using regression analysis,
are: total number of residents, total number of dwellings with public servi-
ces, number of people residing in dwellings, population density, and geo-
graphical area. These variables are broken down and structured for each of
the 51 municipalities.
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Data modeling

In this stage, the first step is to import the structured database containing
the historical information into the Python program. The next step is to ge-
nerate graphs for each municipality to visualize the patterns and behavior
individually based on the time series of the number of dwellings (“de-
pendent variable”). The graphical result for each municipality is shown in
Figure 2.

Once the graphs for all municipalities in the state are obtained, the beha-
vior of housing growth for each municipality in Nuevo Leon is determined.
As observed, some graphs show a more linear slope, while others exhibit
a more curved projection. This serves as the main basis for determining
which method will be used for estimating the growth projection for each
municipality. The polynomial regression model is assigned to municipali-
ties with a curved trend line, while the linear regression model is assigned
to municipalities where the trend line projects more linearly.

With the regression model configured and tailored for each municipa-
lity, its projection is calculated, and the model’s accuracy is evaluated by
estimating the R* value, MAPE, and RMSE for each municipality. Figure
3 shows the results of executing the selected regression model, used here
as an example for the municipalities of Abasolo and Apodaca. In the case
of Abasolo, the trend line has a more linear projection, so the linear regres-
sion model is chosen for estimating future housing growth. The R? value
is 0.9739, demonstrating that the regression model can confidently explain
the relationship between the independent variables and the predicted num-
ber of dwellings for Abasolo. The MAPE value is 24.5 per cent, and the
RMSE value is 84.17.

In the case of Apodaca, the graph shows a more curved trend line, so the
polynomial regression model is used. This results in an R? value of 0.9962.
Similar to the case of Abasolo, the R? value for Apodaca is considered
good, indicating that the independent variables provide enough variation
to explain the number of dwellings. The MAPE value is 14.11 per cent, and
the RMSE value is 9,246.44.

In the case of Apodaca, the error percentage is lower than in Abasolo.
However, regarding the RMSE error, a much higher value is shown for the
number of dwellings. This is because Apodaca is one of the municipalities
within the Metropolitan Area of Monterrey, so the number of dwellings is
much higher, and its projection is more complex to estimate due to the pro-
portion of its growth over recent years and the availability of land reserves.
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The models also allow us to identify and estimate the direction of urban
sprawl in the state of Nuevo Ledn based on the results obtained. On one
hand, it is relevant to note that between 85.5 per cent and 86.2 per cent of
the housing growth will occur within the Metropolitan Area of Monterrey
over the next 20 years. However, municipalities like Garcia and Juarez
will concentrate the highest number of dwellings, surpassing municipa-
lities such as Monterrey, Apodaca, Guadalupe, and Escobedo. Figure 4
shows the projection of the number of dwellings for the municipalities in
the Metropolitan Area.

Using the forecasting models specified for each of the 51 municipalities
based on their regression, a transition period from 1970 to 2010 was es-
tablished as a reference to estimate housing growth for each municipality
and, in general, for the state of Nuevo Leon by 2020. The results were
then compared with the actual data reported by INEGI for the number of
dwellings in 2020. This comparison allows us to define the accuracy of the
models.

The model is validated with the 2020 data to compare the projected
number of dwellings with the actual figures reported in the INEGI data-
base. The model’s match proportion is 90.6 per cent for the total number
of dwellings in the state and 96.7 per cent for the Metropolitan Area of
Monterrey.

Table 2 provides a detailed comparison of the actual values reported
by INEGI for 2020 and the estimated results for the number of dwellings
generated by the models for each municipality, as well as their accuracy
values. It is important to mention that the model has been calibrated for
multiple municipalities to improve the precision of the modeling results.
For each calibration, both linear and polynomial regression results are
evaluated, always considering the same variables or factors present in the
INEGI database that impact housing growth. Calibration is straightforward
in the Python program: once the specific behavior of each municipality is
identified, the required model type is adjusted, the model is re-run, and the
coefficient of determination value and error values are carefully reviewed.
The model that produces the lowest error and, in some cases, the highest
value is always considered.
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Table 2: Comparison of the result of housing projections and the actual value reported by
INEGI for the year 2020 in the state of Nuevo Ledon

Municipality Current 2020  Prediction 2020 MAPE RMSE R?
Abasolo 1,194 1,143 4.25% 103.1 0.926
Agualeguas 2,971 3,040 2.34% 328.8 0.787
Los Aldamas 1,623 1,624 0.04% 186.5 0.710
Allende 13,785 12,758 7.45% 1228.9 0.885
Anahuac 8,119 7,548 7.03% 626.1 0.880
Apodaca 212,801 224,481 549%  11324.5 0.975
Aramberri 6,145 6,231 1.40% 271.4 0.946
Bustamante 2,389 2,461 3.03% 213.4 0.886
Cadereyta 55,231 53,750 2.68% 2625.1 0.971
Carmen 38,780 37,889 2.30% 1617.0 0.983
Cerralvo 4,283 3,924 8.39% 404.4 0.819
Ciénega 31,005 31,145 0.45% 1022.8 0.989
China 5,543 5,006 9.69% 528.2 0.804
Doctor Arroyo 13,349 13,514 1.24% 416.8 0.967
Doctor Coss 1,246 1,332 6.90% 171.8 0.610
Doctor Gonzélez 2,106 2,176 3.30% 164.4 0.916
Galeana 16,424 14,353 12.61% 1343.1 0.828
Garcia 157,779 159,344 0.99% 6513.5 0.984
San Pedro 41,237 41,562 0.79% 1221.9 0.986
General Bravo 3,397 3,529 3.87% 283.9 0.869
Escobedo 154,216 158,423 2.73% 4950.5 0.990
General Teran 7,473 7,591 1.57% 337.4 0.936
General Trevifio 1,096 1,144 4.42% 114.6 0.787
General Zaragoza 2,437 2,416 0.86% 106.3 0.950
General Zuazua 42,305 43,865 3.69% 3807.9 0.933
Guadalupe 207,183 223,892 8.06% 9320.9 0.976

Source: Own elaboration.
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Table 2: Continuation

Municipality Current 2020  Prediction 2020 MAPE RMSE R?
Los Herreras 1,899 1,990 4.81% 222.2 0.751
Higueras 835 877 5.03% 80.0  0.887
Hualahuises 3,361 3,441 2.37% 173.3  0.946
Tturbide 1,454 1,468 0.98% 41.0 0979
Juarez 181,463 185,374 2.16% 8410.2  0.980
Lampazos 3,014 3,125 3.67% 258.8  0.863
Linares 31,978 32,543 1.77% 13148  0.970
Marin 2,215 2,143 3.27% 1829  0.920
Melchor Ocampo 921 953 3.52% 84.1  0.876
Mier y Noriega 2,662 2,648 0.52% 37.9  0.993
Mina 2,727 2,827 3.66% 202.3  0.923
Montemorelos 30,139 30,706 1.88% 14403 0.963
Monterrey 368,796 362,609 1.68%  19583.3  0.925
Paras 830 865 4.26% 82.8 0.834
Pesqueria 57,402 56,465 1.63% 1973.0  0.988
Los Ramones 4,610 4,813 4.41% 391.0 0.884
Rayones 1,675 1,720 2.71% 97.0  0.926
Hidalgo 5,900 5,721 3.03% 321.0  0.955
Salinas 36,175 36,044 0.36% 5644  0.997
San Nicolas 133,725 152,747 14.22%  11326.0 0914
Sabinas Hidalgo 16,128 14,915 7.52% 1403.2  0.882
Santa Catarina 90,966 90,209 0.83% 3743.0  0.982
Santiago 20,785 21,427 3.09% 1373.5  0.935
Vallecillo 1,315 1,384 5.25% 1553  0.734
Villaldama 2,603 2,690 3.34% 188.2  0.898

Source: Own elaboration.

The municipalities that are part of the Metropolitan Area, which repre-
sent 27 per cent of the total state, have a coefficient of determination grea-
ter than 0.92 and a MAPE below 8.1 per cent, except for the municipality of
San Nicolas de los Garza, which has an R? of 0.914 and a MAPE of 14.22
per cent. Both indicators show good accuracy for the housing projection
in municipalities with higher demand. For the rest of the municipalities,
33 per cent have an R? between 0.91 and 0.99, with a maximum MAPE of
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3.66 per cent. 27 per cent of the municipalities have an R? between 0.80
and 0.89, with a maximum MAPE of 12.61 per cent, and the remaining 12
per cent have an R? between 0.61 and 0.79, with a maximum MAPE of 6.90
per cent. Only in six municipalities does the model fail to achieve a coeffi-
cient of determination above 0.8. However, when evaluating the number
of dwellings these municipalities represent in the state in 2020, it accounts
for only 0.5 per cent.

The results obtained through the regression models were compared with
the municipal projections made by CONAPO in its report Reconstruccion
y proyecciones de la poblacién de los municipios de México, 2024. In
CONAPO’s projections, an estimated population of 7,769,371 inhabitants
was forecasted for the state of Nuevo Ledn, broken down by municipality.
The result from the proposed model, although its main focus is to estimate
the number of dwellings per municipality, can adjust its response variable.
For this comparison, the number of dwellings obtained by the model for
each municipality was multiplied by the average number of inhabitants for
the year 2040 according to INEGI (3.1 inhabitants), resulting in 7,812,106
inhabitants. Figure 5 shows the results for each municipality of both pro-
jections (CONAPO, Reconstruccion y proyecciones de la poblacion de los
municipios de México, 2024).

(CONAPO, Conciliacién Demografica de México 1950-2019, 2023) in
its report Conciliacion Demografica de México 1950-2019 y Proyecciones
de la Poblacion de México y de las entidades federativas 2020-2070 indi-
cates that, starting in 2053, the country’s population will begin to decline.
This information is relevant for determining and adjusting based on reports
generated by INEGI and CONAPO, allowing for parameterization of the
model and recalculation of housing needs in the state of Nuevo Ledn. For
now, according to the CONAPO 2023 report, it mentions that Nuevo Leén
will continue to increase its population at least until 2070. As shown in Fi-
gure 6, the proportion of the population in Nuevo Leon will increase from
4.8 to 6.4 percentage points from 2024 to 2070.

Figure 7 allows for the visualization of the initial modeling results for
the year 2020 based on data from 1970 regarding housing coverage in the
state of Nuevo Leon. This step is considered crucial for verifying the mo-
deling process.

The accuracy of the results in the prediction model is acceptable, given
that the model includes only limited factors present in the INEGI report,
which have contributed to the actual development and growth of housing
in the state.
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Other factors, such as commercial and industrial facilities, healthcare
services, roadways and transportation, education, recreation, and zoning
restrictions, could have an impact on housing growth. However, they were
not included in the prediction model due to the lack of available data. Based
on these findings and considering our variables and parameters, the predic-
tion process was completed for the years 2025, 2030, 2035, and 2040.

The results show an exponential increase in the municipalities of Gar-
cia, Juarez, Apodaca, Pesqueria, Escobedo, El Carmen, Zuazua, Salinas
Victoria, and Guadalupe, with growth ranging from 303 per cent in the
case of Garcia to 45.9 per cent for Guadalupe. For the purposes of this
study, the municipalities with the greatest interest for the development of
new housing are highlighted.

In Table 3, the column “Interest” categorizes the municipalities into
High, Medium, or Low interest based on the forecasted number of houses
over a 20-year period. Municipalities classified as High interest are those
where the number of houses exceeds 15,000 within the specified period.
Medium interest municipalities fall within the range of more than 8,000
houses but fewer than 15,000. The Low interest group includes municipa-
lities or areas with a projected growth of fewer than 8,000 houses over the
next 20 years.

The previous result allows for the consideration of areas with the grea-
test potential for residential development. The goal is for this analysis to
help identify the direction of urban growth and facilitate the search for re-
sidential plots to be acquired in advance. This forward-looking perspective
would enable the identification of areas with greater sales potential and
market opportunities for the state’s population.
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Table 3: Result of housing projections for the 51 municipalities of the state of Nuevo

Leon for the years 2025, 2030, 2035 and 2040

Current

Pred

Pred

Pred

Pred

Municipality 2020 2025 2030 2035 2040  lnterest
Garcia 157,779 241,051 346,040 477,140 637,180 Alto
Judrez 181,463 261,608 355966 470,345 606,642 Alto
Apodaca 212,801 274,441 329414 389,401 454,402 Alto
Pesqueria 57,402 90,486 135429 192,736 263,848 Alto
General Escobedo 154,216 192,621 230,171 271,073 315327 Alto
El Carmen 38,780 61,680 93,282 133,741 184,103 Alto
General Zuazua 42,305 64,289 90,017 121,642 159,758 Alto
Salinas Victoria 36,175 52,974 74,673 101,724 134,708 Alto
Guadalupe 207,183 243,472 263,053 282,633 302,214 Alto
Ciénega de Flores 31,005 46,687 66,689 91,700 122,268 Alto
Monterrey 368,796 385226 407,842 430,458 453,075 Alto
San Nicolas 133,725 164,942 177,137 189,332 201,527 Alto
Cadereyta Jiménez 55231 65,744 79,084 93,771 109,805 Alto
Santa Catarina 90,966 99253 108,297 117,341 126,385 Alto
Montemorelos 30,139 36,994 44259 52,563 61,973 Alto
Linares 31,978 37239 42,173 47296 52,560 Alto
Santiago 20,785 25,052 28,994 33242 37,786 Alto
San Pedro 41237 44970 48378 51,786 55,194  Medio
Doctor Arroyo 13349 16,030 19,050 22,614 26,767  Medio
Cerralvo 4283 13,885 15012 16,139 17267  Medio
China 5543 13,885 15,012 16,139 17267  Medio
General Terdn 7473 9,193 11207 13,683 16,669  Medio
Los Ramones 4,610 5,959 7,289 8,811 10,532 Bajo
Iﬁz‘;ﬁ%"s de 3,014 3,936 4953 6200 7,700 Bajo
General Bravo 3,397 4,307 5,246 6,363 7,672 Bajo
Aramberri 6,145 7,127 8122 9217 10411 Bajo

Source: Own elaboration.
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Table 3: Continuation

Municipality Current Pred Pred Pred Pred Interest
2020 2025 2030 2035 2040
Sabinas Hidalgo 16,128 16,183 17,451 18,719 19,987 Bajo
Allende 13,785 13,885 15,012 16,139 17,267 Bajo
Los Herreras 1,899 2,553 3,261 4,128 5,172 Bajo
Mier y Noriega 2,662 3,220 3,928 4,787 5,812 Bajo
Hualahuises 3,361 4,029 4,693 5,435 6,258 Bajo
Agualeguas 2,971 3,604 4,237 4,939 5,710 Bajo
Villaldama 2,603 3,216 3,821 4,507 5,280 Bajo
Rayones 1,675 2,189 2,772 3,481 4,328 Bajo
Bustamante 2,389 2,966 3,530 4,154 4,837 Bajo
Mina 2,727 3,304 3,821 4,375 4,963 Bajo
Doctor Gonzalez 2,106 2,585 3,033 3,518 4,037 Bajo
General Zaragoza 2,437 2,813 3,256 3,747 4,286 Bajo
Galeana 16,424 15,325 16,297 17,269 18,241 Bajo
Hidalgo 5,900 6,208 6,695 7,182 7,669 Bajo
Anahuac 8,119 8,107 8,665 9,224 9,783 Bajo
Doctor Coss 1,246 1,622 1,971 2,382 2,859 Bajo
Los Aldamas 1,623 1,950 2,325 2,749 3,220 Bajo
General Treviio 1,096 1,399 1,709 2,081 2,519 Bajo
Vallecillo 1,315 1,651 1,962 2,322 2,732 Bajo
Melchor Ocampo 921 1,191 1,479 1,819 2,219 Bajo
Iturbide 1,454 1,659 1,867 2,091 2,333 Bajo
Paras 830 1,035 1,222 1,425 1,644 Bajo
Marin 2,215 2,347 2,552 2,757 2,962 Bajo
Higueras 835 996 1,111 1,218 1,315 Bajo
Abasolo 1,194 1,264 1,385 1,505 1,626 Bajo

Source: Own elaboration.

RESULTS AND DISCUSSION

In general, for the study, the results presented for predicting housing grow-
th demonstrate the capability of the linear and polynomial regression mo-
del to produce a realistic modeling using the available data from INEGI.
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This is evidenced by the good accuracy achieved during the validation
process, as shown in Table 2.

Table 3 presents the results of the projections for the number of future
homes in each municipality over five-year periods. The results show that
the simulated growth follows a pattern similar to the current one, concen-
trating specifically in the Metropolitan Area of Monterrey, with municipa-
lities experiencing the most expansion in the Northwest area, such as Gar-
cia, and in the Eastern area, with the municipality of Juarez, in reference to
the city of Monterrey.

According to the images in Figure 8, the urban areas with the highest
growth in the number of homes will expand more significantly toward the
periphery of the state capital (Monterrey), to the East with the municipa-
lities of Cadereyta, Pesqueria, and Judrez; to the North with the munici-
palities of Salinas Victoria, Ciénega de Flores, El Carmen, and General
Zuazua; to the Northwest with the municipalities of Garcia and General
Escobedo; and to the South, with a slower but still significant growth, the
municipalities of Santiago, Montemorelos, and Linares.

It is important to mention that all of this calculated expansion is subject
to certain relevant factors, such as land use for each municipality, primarily
agricultural or industrial use, given that urban areas will expand based on
the transformation of areas initially not intended for housing development.
Considering industrial and economic growth, especially in the Monterrey
Metropolitan Area, these factors trigger more rapid urban growth, mea-
ning the transformation of land into urbanized areas. This results in the
depletion of land designated for agricultural purposes in the state of Nuevo
Leoén.

The advantages provided by the estimations on the forecast and direc-
tion of growth for each municipality in the state of Nuevo Leon through
the proposed method include the ability to avoid urban growth in protected
areas or high-risk zones, reduce information gathering costs by utilizing
the databases provided by INEGI, and offer quick and reliable analysis for
the evaluation, modification, and management of urban development plans
by both the government and private entities.

The quality of the model can be significantly affected by the number
of time intervals. It is recommended to adjust the model each time INEGI
reports its results and compare them with the model’s predictions to vali-
date its accuracy. In cases where the coefficient of determination is low,
adjustments should be made to improve it.
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CONCLUSIONS

Forecasting models have proven to be a great asset in supporting urban
planning decisions. With the help of these models, knowledge and unders-
tanding of system dynamics are gained, future trends can be predicted, new
needs can be identified, impacts can be analyzed, and various policies can
be simulated and optimized to improve quality of life. Additionally, these
models help minimize environmental and social deterioration caused by
poor planning or uncontrolled growth.

The results of the modeling invite reflection and understanding of hou-
sing growth in the cities of the state of Nuevo Leon, which contributes to
the establishment of planning strategies that improve the quality of life
for residents. Modeling the magnitude and location of housing expansion
are key concepts for urban planning in the state, offering an approach to
understand future needs and quantify various costs associated with urba-
nization, particularly public services. The state of Nuevo Leon, like other
states in the northwest of the country, faces prolonged drought seasons,
leading to water shortages and resulting in strict water supply cut programs
for the population. The model is also useful for forecasting the increase in
the need for potable water in certain areas, identifying these critical areas,
planning water infrastructure, evaluating water management policies, and
promoting sustainability in the state.

The modeling allows for visualization and suggestion of various con-
tributions based on the results provided by the models. For example, it can
indicate the proportion of the increase in all types of housing, primarily
social interest and middle-income housing, in both horizontal and vertical
construction segments for each of the 51 municipalities in the state of Nue-
vo Ledn, with a particular emphasis on the municipalities of the metropoli-
tan area. Another important contribution is that it helps to dimension envi-
ronmental and water resources aspects, especially considering the regional
characteristics of the state. The enormous pressure from the rapid urbani-
zation of the metropolitan area’s outskirts will be reflected in non-urban
lands, leading to a reduction in agricultural land use and affecting tourist
sites surrounding the state capital.

The speed of urban growth is concerning. The model also supports de-
cision-making by quantifying the population and considering the needs for
roads, transportation demand, water viability, education, healthcare, and
environmental risks, among other elements that must be carefully planned,
both by the government and urban developers.
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The analysis of the results shows that the expansion of settlements will
not be random, but rather concentrated in certain areas, which complicates
the urban planning designs due to space limitations. It is recommended to
use linear and polynomial regression models for predicting housing grow-
th, as they provide valuable information to improve decision-making in the
development of city infrastructure in the state of Nuevo Ledn.

Technically, the model helps professionals understand how the hou-
sing growth phenomenon works in the state by municipality. While the
urban growth projection model is capable of evaluating the size, pattern,
and trends of future urban growth with acceptable accuracy, the model
falls short in assessing other important factors that contribute to a com-
prehensive urban development. These factors may include aspects such as
environmental impact, land use, infrastructure availability, and the social
and economic dynamics of the population, which are essential for holistic
urban planning.
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