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Abstract
This article identifies the technological characteristics of the paper manufacturing industry in the Valley of Mexican Basin
(VMB)—a densely populated region characterized by absolute water scarcity—in order to quantify the intensity with which
water is used. The method consisted of modeling the paper industry’s technology estimating Cobb-Douglas production functions
at two moments in time. The comparison of both functions makes it possible to identify water saving technologies during this
period, and to evaluate whether the industry has made adjustments to deal with water restrictions. The data is obtained from the
Economic Censuses of the National Institute of Statistics Geography and Informatics 2009 and 2014. While our work must be
considered preliminary owing to the somewhat irregular nature of the data, certain clear conclusions do stand out. The paper
industry located in the VMB has drastically reduced its water usage during the period of time analyzed. This is explained by the
adoption of water saving technologies in the industry. In the process, an increase in capital is the main variable to explain such a
technical change. This is expressed in the manner in which water and capital inputs appear to be highly suitable substitutes in
paper manufacturing.
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Introduction

The economics of production is concerned with choosing be-
tween alternative technologies to produce a commodity or
service. The optimal combination of resources is a key aspect
in any production process whether at the business or industry
level. The technological choices are influenced by the

changing circumstances of technological or economic innova-
tions [1]. In the same way, the state of the natural resources
that supply industries is also critical to production. This is
made more evident as the scarcity or decay of such resources
is increased [2]. Starting from the pioneering work of
Grebenstein and Field [3] who made research on the substitu-
tion for water inputs in US manufacturing and point out that
“As such, the study represents another step-in analytical thrust
that has gained some popularity in recent years: the economet-
ric investigation of aggregate production functions containing
natural resources.” From then onwards, many studies have
been presented on production functions of several natural re-
sources as noted by Babin et al. [4]: “Berndt andWood, 1975;
Berndt and Jorgenson, 1973; Griffin and Gregory, 1976;
Humphrey and Moroney, 1975; Moroney and Toevs, 1977”.

Despite the importance of industrial water use and the fea-
tures that distinguish it from other types of water use, the role
of water in industrial applications remains a remarkably
understudied area [5, 6]. This statement is pertinent to the case
of Mexico where research on the topic is scarce.

Given that production processes are notably complex, the
disciplines of economics and industrial engineering have
found it useful to employ deductive abstract reasoning to
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formulate theories regarding the decisions made by businesses
or industries. The theories are simplified and generalized rep-
resentations of reality. Since they are generalizations of spe-
cific cases, there are elements of events that are shared. The
theory serves to interpret and guide empirical studies.

The production technology of an industry can be modeled
in three different ways: (i) the production function; (ii) profit
function; and (iii) cost function [7]). Our approach to model-
ing production processes departs from earlier studies which
use production functions. The forms of production functions
that have been transcendent in the modeling of production are
Cobb-Douglas function in 1928 [8], the Leontief function in
1941 [9], and the Constant Elasticity of Substitution function
(CES) in 1961 [10]. Only a few mathematical forms of pro-
duction functions are commonly used in textbooks. Besides
the named before, there are quadratic [11]) and transcendental
[12]). New functional forms have been created in the estima-
tion of production models, Mitscherlich, Spillman, resistance,
modified resistance [13]; square roots [14]; translogarithmic
[15]; generalized Box-Cox [16]; and augmented Fourier [17].

In the empirical estimation, choosing the functional form of
the production function implies selecting a specification that
allows the analysis of the hypotheses without imposing a priori
restrictions. As Fuss, McFadden, andMundlak [18] have point-
ed out, choosing a functional form determines that some hy-
potheses cannot be verified. Nevertheless, onemust be aware of
the properties of alternative production function specifications.
This is to know the technical and economic implications of a
particular functional form, and to know what one might be
forcing on the data in empirical applications. General function
forms are usually difficult to manipulate mathematically (often
not amenable to analytic solutions) and pose statistical prob-
lems. However, they are quite often justified by the increased
precision allowed by the general forms [1].

The production process in the paper industry comprises
three stages. The first is the production of cellulose pulp made
from woodchips or from recycled materials. The second is
treating the cellulose mechanically and chemically in order
to give it specific characteristics such as thickness, strength,
and whiteness, and finally the cellulose pulp is compressed
and dried to form paper sheets [19].

In the paper industry, both technological changes, as well
as the need for a better quality product, have had a significant
impact in water usage. During the last century, the improve-
ment in paper quality increased its water usage. Blair T. Bower
[20] cites a research paper from the paper industry done by
Knowlton in 1964 for the USA in which he estimates an
increase in the quantity of water used in the pulp and paper
industry during a 5-year period, from 1954 to 1959. During
this period, the quantity of water used to produce one ton of
paper was increased by almost 13%—from 42.2 to 47.5 m3.
The paper industry is one of the most important industries of
the North American economy and ranks as the fifth largest in

the US economy; as stated by Nemerow and Dasgupta [21],
between 20,000 and 60,000 gal of water per ton of product are
utilized in the industry in 1991. Bower [20] describes based on
evidence in other research papers that this trend continued
until 2002, an increase that is explained by the remarkably
higher standards in the quality of the final product, more so-
phisticated products and new colors. As a counterpoint, tech-
nological changes have been made to reduce the quantity of
water used by the paper industry in this century. However, the
production of paper from the pulp and the productive process-
es of the paper industries require substantial amounts of fresh
water, 10–110 m3 per ton of product [22].

The industry’s water consumption is most commonly mea-
sured through its extraction of ground water bodies; however,
as Renzetti points out in the introduction of his book The
Economics of Industrial Water Use [5], there is a broad range
of approaches taken to model the role of water in the industry:
“Several researchers (Rees, 1969; Turnovsky, 1969;
Grebestein and Field, 1979; Babin, Willis and Allen, 1982)
have chosen to include only the amount of water incorporated
(intake). Simis (1979) includes the amounts of water incorpo-
rated as well as the amount of emissions (bio-oxygen demand
(BOD) and suspended solids (SS)). Renzetti (1992, 1993) and
Dupont and Renzetti (1998) include four separate stages for
the use of water: incorporated water, recycled water, treatment
of water before use, and water discharge. Dupont and Renzetti
(2001) include water incorporated and recycled water as sep-
arate inputs.” In this paper, the production function is estimat-
ed in order to measure the impact of technology in the amount
of water incorporated during production.

Similarly, in Mexico, the paper industry also presents a
high-water consumption, as it will be displayed in this study.
The paper industry requires great volumes of water to be ex-
tracted from the region where it is located.

Since this VMB region is characterized by an absolute
shortage of water resources, this study aims to identify the
impact of this restriction on the technological characteristics
of the papermaking industry in the VMB, to quantify the in-
tensity of water use. The hypothesis underlying this study is
that the extreme stress that exists in the region has led to
significant water savings in the industry. The method
consisted of modeling the paper industry’s technology esti-
mating Cobb-Douglas production functions at two moments
in time. The comparison of both functions makes it possible to
identify water saving technologies during this period, and to
evaluate whether the industry has made adjustments to deal
with water restrictions. The production function of the paper
industry in the VMB is estimated within the framework of the
Cobb-Douglas function, which could potentially be a good
approximation for production processes. Research takes place
in 2008 and in 2013; comparison of both settings enables an
assessment on the inclusion of water saving technologies dur-
ing this period.
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The contribution of this research consists in estimating the
production function of the paper industry in a specific region
of Mexico. This is because the literature on similar research
and methodology on this industry is highly limited.
Consequently, this study seeks to provide more data that will
allow us to measure technological progress in an efficient use
of water resources in paper industry in various parts of the
world. Besides, the results show that this methodology let to
know the technology advance in a specific industry.

In addition to the introduction, this paper is comprised of
the following four sections: “Background,” “Method,”
“Results,” and “Conclusions.”

Background

Absolute Scarcity of Water in the Valley of Mexican
Basin

The VMB isMexico’s most densely populated region, with 22
million inhabitants, making this one of the densest populations
in the world. In this region, approximately 31.3% of the na-
tional Gross Domestic Product is generated.

In 2015, water demand per capita was 155.5 m3/year,
which is well above the 89.8 m3/year of renewable water
captured in the basin (Natural Media Availability, NMA)
[23]. This excessive extraction over and above the NMA is
explained by the overexploitation of aquifers in the basin
(36.2 m3/year) and the importation of water from other basins
(29.4 m3/year). The Relative Water Stress Index (RWSI),
which links the total volume of water allotted through conces-
sions and the NMA of the water (multiplied by 100), is
140.4% for the VMB, making it one of the regions with the
greatest pressure on its water resources, along with Yemen and
the United Arab Emirates [24].

In this context of extreme water stress, it is imperative to
adopt policies that ensure that the various uses of water in the
basin are efficient. In particular, industrial use is important
because the manufacturing industry plays a key role in the
dynamics of the economic activity of the VMB. It accounts
for one-fifth of the basin’s Gross Domestic Product, generates
employment as well as goods and services to be consumed by
the people in the region, and exports outside the basin and the
country.

Water is an essential resource for the production processes
that are carried out by industries located in the basin. In 2015
only, they used approximately 127 million m3 for those pro-
cesses, which is 10.1% of the water used by the industry
nationwide [25]. The manufacturing industry extracts most
of the water from aquifers, which are currently so
overexploited that most of them have been declared in perma-
nent closure. With a reported null availability of the resource,
further exploitation would cause them irreversible damage. In

addition, to complement its water needs, industry uses water
from the urban public supply, which also mainly comes from
external aquifers, and has the same adverse impacts on those
bodies of water [24].

Despite the high levels of water stress in the valley, the
demand for industrial water grows, increasing the pressure
on the aquifers, which is of concern for all users of the re-
source in the region.

Modeling the Industrial Use of Water

The industry’s water usage is responsive to diverse forces.
The most important of these forces is the technology in-
volved in the processes, followed by economic forces such
as input costs, charges, taxes, tariffs, and level of produc-
tion. Technological changes within the businesses are the
driving force in reducing first time water usage: the internal
recirculation of water, consumption of new materials, and
so forth [20].

According to Bower [20], the basic observations to consid-
er when researching water usage in the industry are:

Water is a single factor, among others, of the production
process and must be analyzed as such. Therefore, the
research must be done within the context of the other
inputs.
Technological changes have varied and substantial im-
pacts in the way that the industry uses water. The changes
that affect other inputs can have a positive or a negative
effect in the industry’s water usage.
Problems for each industry or plant are unique due to
their particular situation.
Criterion used by the industry to assess investments that
save water is the return rate on the investment.
Furthermore, restrictions on businesses must be consid-
ered. These can be internal such as a limited budget, the
quality of the product, the technology currently available,
and external restrictions such as limited sources of water
and particularly physical limitations, either in quantity or
quality.

One approach that includes such recommendations is
attempting to study the structure of production. To do this, a
production function must be estimated. The production of any
good or service requires a combination of resources, such as
equipment, labor, management, capital, space, and natural re-
sources, among others. Together, these contribute to the total
output.

A production function relates the production (as a depen-
dent variable) and the quantities of the various components of
production (as independent variables) [26]. Considering that
Q is the product of the industry (measured in physical units)
and xi are the quantities of all the supplies, the industrial
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process is simplified in one mathematical function that cap-
tures the main variables of the process.

Q ¼ f x1; x2; x3;…xnð Þ ð1Þ

The traditional approach used by industrial engineering is
the specification of the function of production in a linear equa-
tion, where the production is the result of the sum of all of the
inputs used.

Q ¼ α1 x1 þ α2 x2 þ α3x3 þ…αn xn ð2Þ

In this equation, the coefficients α1, α2, α3,…αn represent
fixed proportions of each of the inputs required to produce one
unit of product. By not allowing modifications, they represent
a technology that is rigid; any level of production is propor-
tional to the coefficients. Additionally, this function presents
limitations when interpreting and comparing basic concepts of
production since it registers a recurrent marginal product for
each variable; the elasticity between the production and the
supplies is variable in each level of production. This makes it
unmanageable to compare the model to other production sce-
narios [26].

The abovementioned limitations are overcome through a
non-linear production function, which must be interpreted as
a complementary model to the linear programming. In the
field of economics, there is a large body of literature on how
to estimate production functions. The non-linear functions
generally used are Cobb-Douglas, quadratic, constant elastic-
ity of substitution, transcendental [1], and translogarithmic
[6]. These functions simulate to varying degrees flexible tech-
nologies that allow for the substitution between the supplies
that form part of the production of a good or service. In addi-
tion, they simulate a decreasing marginal productivity, and
elasticity between the production and the recurrent inputs,
which allows for it to be compared to different scenarios.

For a given sample of industrial facilities, there is usually
little theoretical justification for selecting one of the general
functional forms postulated for production relationships [27].

Method

The discipline of industrial engineering and the neoclassical
theory of production provide a meaningful scheme of
representing the industry’s sensitivity to water usage. This is
achieved by representing water as an independent input within
the function of production. This paper is framed under the
engineering perspective that intends to record the technical
aspects of production, which is why the costs of inputs and
production are considered to be fixed and as such do not alter
it.

The method consists of defining the function of production
base in order to model the paper industry’s production and its

technological properties; that is, specifying in one equation
the process of production in such a way that its parameters
capture the most relevant characteristics of the technology
being used [1]. Secondly, two functions of production are
calculated based on the data of the industry in two moments
in time. Thirdly, the results are analyzed and compared. The
comparison of the parameters of both functions describes the
technological change in the industry; water usage is of partic-
ular interest (Fig. 1).

Cobb-Douglas Function

The basic inputs required to make paper are wood, water,
chemicals, workers, and machinery among others. The use
of water during the different stages of the process is highlight-
ed. All the factors present in the productive process are clas-
sified in 4 groups denominated factors of production: labor
(L), raw and secondary materials (M), water (W), and capital
(K) [26].

The Cobb-Douglas function in its most general form relates
the production (Q) to the factors of production (L, M, K, W).

Q ¼ ALαLMαMWαW KαK ð3Þ

The origin of the work on production functions can partly
be attributed to the works of Cobb and Douglas [8], who
suggested the existence of laws of production governing the
proportion of productive factors. The actual distribution of
output into factors was consistent with estimated values of
their parameters, and thus the productive factors received their
marginal values. The Cobb-Douglas production function has

Results are analyzed
and compared

Defining the function 
of production

Estimation function of 
production  2013 applying 

econometric model

Estimation function of
production 2008 applying

econometric model

Get data from
officials resources

Fig. 1 Flowchart of methodology
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beenwidely used in the empirical analyses of production func-
tions. However, there are important limitations associatedwith
this function partly due to assumptions of additivity and ho-
mogeneity, restricted by a unitary constant elasticity of
substitution.

This approach is valuable since its methodology enables
recovering factor elasticities (αs), returns to scale (constant
A, associated to technology), and a rate of technical substitu-
tion of one factor to another (RTS). Such parameters note the
technological structure of the industry. These parameters al-
low the identification of, in particular, the relationship be-
tween the inputs and the product, as well as the relationship
between inputs, highlighting the technical relationship with-
out allowing for the influence of economic variables such as
costs.

The Cobb-Douglas may be a good approximation for pro-
duction processes for which factors are imperfect substitutes.
It is also relatively easy to estimate because it is parsimonious
in parameters, and in logarithmic form, it is linear in the pa-
rameters [1].

Data

Data was obtained from the National Directory of Statistics
and Economic Units (DENUE in its Spanish acronym) [28]
and from the Economic Censuses 2009 and 2014 of the
National Institute of Statistics Geography and Informatics
(INEGI in its Spanish acronym) [29, 30]. The number of paper
production economic units (EU) in the VMB was obtained
from DENUE, which was cross-checked with the Economic
Censuses.

Data regarding production, raw materials and capital
expressed in monetary units, number of workers, and wa-
ter incorporated into the production in m3 was obtained
from the latter source. Ideally, all the variables should be
in physical units. Since this is not possible, the monetary
aggregates are worked a constant prices. Additionally, it
must be noted that, during the time researched, the change
in prices was less than 10% so the estimated parameters in
the functions of production were not affected in any sig-
nificant way.

The databases on the value of production and on the ele-
ments of production were construed based on the Economic
Census 2014 (data from 2013) [30] and 2009 (data from 2008)
[29]. Even though in the Economic Censuses the data is reg-
istered at the level of economic unit, due to confidentiality
reasons, it is not possible to process it at this level so the data
is added at the municipal level (on the assumption of constant
returns).

The database from 2008 consists of 32 observations and the
one from 2013 of 34, adequate for the Cobb-Douglas
function.

Results

Estimates for the 2008 Model

Accuracy of the Results

Table 1 presents the parameters of the 2008 model. The value of
the correlation between the variables (R2) is 0.95, which indi-
cates the existence of a very good correlation between the de-
pendent variable and the independent variables in the model.

From the estimated parameters, two present a greater sta-
tistical significance, which are αw with a confidence of 99%
and αM with a confidence of 95%. The parameters with 90%
significance are αL, αk, and Ln A.

The production function estimated in its exponential form is:

Q ¼ 61:55 L0:20M 0:16W0:58K0:06 ð4Þ

Estimates for the 2013 Model

Accuracy of the Results

Table 2 presents the parameters of the 2013model. The model
gives a R2 of 0.92, which means that there is a correlation of
92% between the dependent variable (Q) and the independent
variables.

In the 2013 model, the variable that has the greatest statis-
tical significance is the elasticity (αs) for the variables W and
M and LnA with a confidence of 99%. For this model, the
parameters that have the lesser significance are those relating
to the variables K and L.

From these results, the Cobb-Douglas equation has the fol-
lowing exponential form:

Q ¼ 249:63 L0:21M 0:34W0:25K0:20 ð5Þ

The 2008 function is slightly more robust than that from
2013. However, the significance of both models is good; thus,
it is pertinent to make a comparative analysis.

Model Comparison

The paper industry in the VMB grew considerably from 2008
to 2013 (its growth rate was above the paper industry’s pro-
duction index in Mexico which was greater than 13% [31]),
172 new enterprises emerged, fresh water consumption in-
creased by 384,621 m3, and employment rose with 11,100
new workers added to the workforce [29, 30].

The production functions estimated in the VMB for the
years 2008 and 2013 note important changes in the technolo-
gy used during the production, as can be appreciated
comparing equations 4 and 5.
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Increasing Returns to Scale in the Paper Industry

Parameter A, which measures the total productivity of the
factors, is greater than one for both functions. This shows that
technology in the VBM’s paper industry is characterized by
recording increasing returns to scale. In 2008, the value of
parameter A is 61.55 and for 2013 it increased to 249.63
Mexican pesos. This increase is recorded in real terms if we
consider that the national index in prices to the producer de-
creased by 3% in this same period [32]. This means that with
the same amount of water, raw materials, labor, and capital,
the industry produced a volume of goods three times larger in
2013 than in 2008. In only 5 years, an impressive increase was
recorded in the productive capabilities of the paper industry in
the VBM. This result suggests that one of the main causes of
the productive increase was the technological change incorpo-
rated to the process and to the management of businesses,
which allowed for a better use of each and every one of the
resources. In this work, it is important to highlight the techni-
cal changes, specifically in the use of water, which are de-
scribed below.

Elasticity Between Production and Water

The paper industry reduced water consumption by product
unit in the period from 2008 to 2013. In 2008, elasticity be-
tween production and water was 0.58 and in 2013 this value
was reduced to 0.25. This means that the sensitivity of the
paper industry to the use of water was reduced in an impres-
sive manner. A 10% increase in water use had a 5.8% impact

on production in 2008 and only a 2.5% impact by 2013, prac-
tically reduced by half. This shows the clear transformation of
the paper industry to be less intensive in its use of water.

Reduction in the elasticity of water is compensated by an
increase in the elasticity of capital and rawmaterials. Elasticity
between production and capital (αk) was tripled from 0.06 to
0.20, due to newmachinery being incorporated in the industry,
including wastewater treatment plants, filters, the implemen-
tation of recycling systems, and new water recirculation
systems.

The increase in elasticity between production and raw and
secondary materials (αM) went from 0.16 to 0.34; it duplicat-
ed, which describes an increase in the sensitivity of the pro-
duction to the use of different and new raw and secondary
materials.

Elasticity between production and labor (αL) remained vir-
tually unchanged, meaning that it maintains its importance in
the industry. This shows that in the process of incorporating
new technologies to the paper manufacturing industry, labor
has not been displaced and that workers have probably been
retrained to help them adapt to the new circumstances gained
from the economies of scale.

Marginal Rate of Substitution Between Water and the Factors
of Production

The Cobb-Douglas function entails a unitary elasticity of substi-
tution between factors, which indicated that there is substitution
between them (excluding the possibility of complementarity).
This property simulates a flexible technology in the paper

Table 1 Estimated parameters for
the 2008 model Parameters Estimator Standard deviation Statistical t p value Significance R2

Ln A 4.124 1.536 2.685 0.0123 ** 0.95
αL 0.200 0.230 0.892 0.3802

αM 0.160 0.069 2.324 0.0279 **

αW 0.580 0.149 3.890 0.0006 ***

αk 0.060 0.072 0.907 0.3720

αTotal 1.000

Statistical significance: * = 10%, ** = 5% *** = 1%

Table 2 Estimated parameters for
the 2013 model Parameters Estimator Standard deviation Statistical t p value Significance R2

Ln A 5.522 1.292 4.271 0.0002 *** 0.92
αL 0.208 0.178 1.168 0.2524

αM 0.345 0.094 3.640 0.0011 ***

αW 0.249 0.089 2.779 0.0095 ***

αK 0.198 0.133 1.486 0.1482

αTotal 1.000

Statistical significance: * = 10%, ** = 5% *** = 1%
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industry by allowing for technical substitution between the same
factors.

In this section, the technical marginal rates of substitution
(MRS) between water and the other factors are compared in
the two estimated production functions.

The MRS between water and other factors is presented in
Table 3.

Table 3 shows that, in 5 years, the paper industry increased
its capacity to substitute water for any of the other factors of
production, meaning that the same amount of water is
substituted for a lesser amount of the other factors. That the
amount decreased by every factor in order to substitute one m3

of water is indicated in column three, and in column 4 the
percentage into which this reduction is translated. Capital is
the factor that reduced by most its quantity required, 87%,
followed by materials with a reduction of almost 80%, and,
in last place, labor with a reduction of 41%. This behavior of
the industry indicates that from a technical point of view, it is
convenient to substitute water for other production factors. It
is then observed that the paper industry is using less water and
that its technology is more flexible to saving water.

Conclusions

The Cobb-Douglas function is an adequate way of modeling
the production function of the paper industry in the BMV
since it captures the most important features of technology.
Furthermore, the production functions estimated for 2008
and 2013 are robust.

The analysis and comparison of these production functions
allow the assertion that the underlying hypothesis of this paper
is met, that the technological changes in the industry are a
response, to some extent, to the high levels of water stress
recorded in the BMV.

While our work must be considered preliminary, owing to
the somewhat irregular nature of the data, certain clear con-
clusions do stand out. The paper industry located in the VMB
has drastically reduced its water usage during the period of
time analyzed. This is explained by the adoption of water
saving technologies in the industry. In this process, the in-
crease of capital is the main variable to explain such a techni-
cal change. This is expressed by the observation that water and

capital inputs appear to be highly suitable substitutes in the
paper manufacturing.

In only 5 years (2008–2013), the paper industry in the
VMB has made significant technological changes that have
led to an increase in its productivity. A technological change
was recorded in the years between the two estimated produc-
tion functions. This was reflected by a tripling of the overall
returns of the factors. The value of the constant Awent from
61.55 to 249.63 Mexican pesos in the corresponding produc-
tion functions, indicating that an increase returns to scale is a
structural characteristic of this industry.

In 2013, the paper manufacturing industry relied less on
water use and more on capital, raw materials, and labor.
These last factors have an importance in the above order.
During the period researched, elasticity between production
and water fell. In 2008, elasticity was 0.58, which indicates
that in the face of a 10% increase in water use, paper produc-
tion increased by 5.8%, which shows the elevated sensitivity
to water use. By 2013, its elasticity was 0.24 and indicates
that, in the face of a similar increase in the use of water, there is
an impact in the production of paper of 2.4%, showing that
sensitivity to water use was reduced in half.

During the process of this research, we did not find any
papers that would allow for us to contrast our results, so we
compared themwith other regions. In 1993,Wang and Lall [6]
researched the use of water in the manufacturing industry of
China and concluded that, in the paper industry, product elas-
ticity of water is 0.10, a value that is lower than the elasticity in
the VMB. Research performed by Vargas Ovando [33] in his
doctoral thesis in 2015 on the use of water in the manufactur-
ing industry of Chile reported that the paper industry presents
elasticity between the production and water of 0.025, a value
that is lower than the two above indicated papers. The com-
parison in elasticities shows that, even if there is a clear trend
to reduce water use in the paper industry in the VMB, a sig-
nificant gap remains in order to reach values closer to interna-
tional standards.

The technological changes incorporated in the paper indus-
try in the VMB have allowed for the substitution of water with
other production factors. The marginal rates of substitution
between water and the other production factors describe such
a process. It highlights the reduction of water use by substitut-
ing it for more efficient machinery. In second place, there is
the substitution of water for materials that allow for the recov-
ery of water through the treatment of wastewater. This last
effect is becoming more relevant worldwide. The leading
countries in new technologies in the paper industry (Finland,
Denmark, Sweden) are developing technological changes to
save water, recovering it during the bleaching process through
the use of chemicals. The recovery takes place through closed
circuits in specific processes so that no water is discharged.
Another measure that allows for a reduction in water con-
sumption is by improving integrated treatment in the paper

Table 3 Technical marginal rate of substitution between water and
other factors of production 2008 and 2013

MRS 2008 2013 Absolute change Percentage change (%)

L/W − 2.90 − 1.19 − 1.71 − 58.96
M/W − 3.60 − 0.73 − 2.87 − 79.72
K/W − 9.67 − 1.25 − 8.42 − 87.73
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manufacturing process and by developing systems that cap-
ture gases, oxidation of contaminating chemicals, and systems
of recirculation [19].

All of the analyzed parameters in the estimated production
functions indicate that the paper industry in the VMB tends to
save more water, which shows it is adapting to the restrictions
it faces due to it being located in a region with absolute water
scarcity. Another aspect that contributes to this process is that
the first stage in the paper manufacturing process—the
manufacturing of cellulose—does not take place in the
VMB. However, the cellulose used has to be hydrated, which
demands a significant amount of water.

The model of production based on the Cobb-Douglas func-
tion captures the most relevant features of the paper
manufacturing industry’s technology and points out the im-
portance of doing more empirical research on conditions and
regions specific to Mexico.

The most important implication of this research is that an
external factor in the paper industry—such as the absolute
water scarcity in the VMB—has led it to incorporate more
efficient technology in order to remain located in the region
that is its biggest market. This research suggests that there is
an inverse relationship between increased scarcity of water
and a decrease in the quantity of water incorporated in the
unitary production of paper.

In addition to technological improvements, public policy
regarding efficient public management of scarce water re-
sources in the VMB must consider the cost of water and the
control of effluents.
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