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Emergy theory provides a basis for assessing the added value of water resources as a function of their
origin and quality. From this perspective, the sustainability of a water system and its supply to end
users may be classified according to the products, services, and energy necessary for its operation, which
are incorporated from the corresponding socioeconomic system and form an important aspect of its
evaluation. In the present study, the development of a geoinformatics tool with an emergy accounting
approach and its corresponding methodology are described, focusing on a spatial-temporal analysis of
water resources and their allocation to domestic, industrial, and agricultural uses. In addition, different
lntegrated water resources management .. . . . . .
Water supply processes water provision scenarios that involve several levels of infrastructure in the basin of the Upper Course
GIS of the Lerma River (UCLR) are evaluated, and existing water deficits are considered in order to assess
their economic impact and offer a perspective on regional environmental sustainability. To achieve this,
the water supply processes with the greatest relevance for the UCLR basin are evaluated, which include
the extraction of groundwater and the treatment of surface and wastewater for subsequent use. The
evaluation of the proposed scenarios indicates that the water supply system where treated water is
recycled for agricultural, industrial, and urban uses (with restrictions) has the highest value according
to the environmental sustainability index. Beyond this, it is possible to establish a series of strategies
to transition from the current scenario where the water supply largely comes from an overexploited
aquifer, to one where wastewater treatment plants (WWTP) are capable of implementing additional
units in their processes to achieve drinking water quality. Finally, the proposed methodology and the
geoinformatics tool developed in this study showed their effectiveness as instruments for achieving an
integrated management of water resources, which would facilitate a more objective decision making
process based on current and projected scenarios.

Keywords:
Emergy accounting

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

The evaluation of water resources improves knowledge on the
quantity of water that is available within a geographic region,
also known as the water availability. However, the use of water
resources may be limited by both anthropogenic and natural fac-
tors. These restrictions may be defined as: a) economic, in regards to
the implementation of infrastructure necessary for water exploita-
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tion; b) chemical, when the water composition is not apt for the
intended use; c) temporal, due to the seasonal variability in hydro-
logical processes; or d) political and social, especially considering
the largely conventional or unilateral decisions that are made in
regards to the allocation of water resources. Within this frame-
work, an evaluation of water sustainability is necessary in order
to improve decision making regarding the allocation of water at
distinct scales, allowing for consideration of not only the diverse
demands for water but also the limitations and values assigned to
different components of the system (WWAP, 2006).

Within the field of water management, one of the most evi-
dent problems in evaluating sustainability is the estimation of
the economic value of water resources. Currently, the cost com-
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ponent associated with the water supply is largely represented
by the economic investment in infrastructure built for enabling
water to arrive at its destination (Balairén, 2000). However, this
cost is unable to capture all the values and benefits associated with
water resources (WWAP, 2006). In this sense, Pulselli et al. (2011a)
emphasize the difference between estimating the value of natural
resources as economic goods and considering the overall value of
natural processes and the presence of environmental conditions
that would allow for the provision of environmental goods and
services.

In response to the present dilemma, since the second half of the
20th century, theories and their corresponding models have been
developed based on the nature and physics of natural resources,
rather than from a purely economic standpoint. In addition, the
intrinsic value of resources has begun to be calculated from the
perspective of the supplier or provider, also known as a “donor-side
approach” (Pulselli et al., 2011a; Vassallo et al., 2013).

One of these approaches is encompassed by emergy accounting,
which may be conceived of as the available energy that is required,
directly or indirectly, to create a product or service (Odum, 1996),
and this is commonly calculated for the processes involved in the
provision of large scale products or services (Lazzaretto, 2009). For
example, Brown et al. (2010) propose estimating the emergy value
of water resources using the sustainability criteria established by
European norms inregards to water management. In addition, from
an emergy accounting standpoint Pulselli et al. (2011b) determined
the varying environmental costs of fulfilling demands for both eco-
logical conservation and human consumption along the course of
ariver.

Other authors have developed informatics tools that facilitate
emergy accounting for products based on life-cycle inventories
(Marvugliaetal.,2013), as well as for water flows based on informa-
tion available in global databases (Arbault etal.,2014). Additionally,
through the use of geoinformatics tools Mellino et al. (2015) and
Diaz-Delgado et al. (2014) were able to include both geograph-
ical and temporal variability as elements influencing changes in
emergy, in addition to other factors, such as soil organic material,
plant and animal biomass, infrastructure constructed by humans,
and available water resources.

Following this line of research, the current study presents the
development of a geoinformatics tool that: a) conducts an emergy
accounting for processes involved in the water supply and b) facil-
itates an evaluation of regional sustainability by considering the
geographic allocation of water resources within the limits of a
hydrological watershed.

On one hand, the emergy accounting for supply processes
focuses mostly on the energy consumption in both the groundwa-
ter extraction and the wastewater treatment. While the first one
relies on the power to elevate a water flow rate from a certain
depth regarding hydraulic head losses, the wastewater treatment
depends on the capacity and type of the treatment plant.

On the other hand, three indicators are estimated in order to
evaluate the system. The water deficit for a quantitative assessment
of the water allocation. The environmental sustainability index for
evaluating the relationship of the emergy yield and the environ-
mental load. And an economic impact as a bridge between emergy
accounting and a conventional cost assessment.

As an example, the developed geoinformatics tool is applied
to the case study of the Upper Course of the Lerma River (UCLR),
Mexico, where the associated aquifer is considered to be overex-
ploited (Fonseca etal., 2013b; Esteller and Diaz-Delgado, 2002) and
the surface waters reflect a lower quality than required for human
consumption and other activities (Diaz-Delgado et al., 2014).

2. Basic concepts

In emergy accounting, different forms of energy may be rep-
resented by the equivalent solar emergy, or solar emjoules (seJ),
by means of transformity, which reflects the qualitative value of
energy (Lv and Wu, 2009). Concretely, transformity represents
the quantity of solar energy required per energy unit or product,
expressed in seJ/J or other units. For example, mass (seJ/g) can be
expressed as unit emergy values (UEV; Brown et al., 2010; Pulselli
etal., 2011b).

Fig. 1 shows an energy flow diagram representing the relation-
ships between the natural and socioeconomic aspects of a water
system governed by the hydrological phenomena of water run-off
and infiltration. In the water system, the storage elements of sur-
face water or groundwater may be supplied by either renewable or
non-renewable resources. This classification is defined by a source
criterion, where renewable water resources come directly from
local precipitation and non-renewable resources from the exploita-
tion of natural reserves (Diaz-Delgado et al., 2014). In this sense,
groundwater that depends on direct recharge by precipitation may
also be renewable, while non-renewable sources of surface water
may be categorized by the base flow of rivers.

The socioeconomic system is supplied with water resources
through supply processes. However, for this to occur, services and
infrastructure are necessary, wherein it is possible to attribute to
these a flow of emergy. In general, the most common supply pro-
cesses involve the extraction, channeling, storage, treatment, and
distribution of water (Rozos and Makropoulos, 2013). However, in
the context of integrated water resources management (and for the
goals of the present study), the evaluation, comparisons, and deci-
sion making involved in selecting a supply source frequently omit
other similar or equivalent processes (such as the transport and
storage infrastructure involved in the distribution of water), which
are as efficient as their design permits, independent of the origin
of the water resource. For the purposes of the present study, the
analyzed elements of the supply processes are limited to the extrac-
tion of groundwater and type of wastewater treatment, which are
the main influential factors governing the environmental and eco-
nomic impacts of most supply systems (Mo et al., 2011).

In general, a water supply system that exploits groundwater
requires more electric energy than a system based on wastewater
treatment, although treatment plants may indirectly use an equiv-
alent or greater amount of energy due to their infrastructure and
the use of chemical compounds (Mo et al., 2011). The type and
size of infrastructure, as well as the quantity of chemicals used, are
variables that determine the quality of water entering and leaving
different parts of the sub-system. While conventional processes for
water treatment consist of primary sedimentation, aeration tanks,
sedimentation by gravity, or primary and secondary anaerobic
digestion and filtration, in order to achieve drinking water qual-
ity, several other processes may be involved, such as coagulation,
flocculation, sedimentation, filtration, disinfection by chlorine, or
addition of chemicals and sludge treatment (Chung et al., 2008).

3. Materials and methods

In addition to accounting the emergy of water resources
and their supply processes, an integrated management of water
resources requires indicators by which the sustainability of a sys-
tem can be measured. The indicators proposed in this methodology
(Fig. 2) are the water deficit, the environmental sustainability index
(ESI), (Buenfil, 2001; Lv and Wu, 2009), and the economic impact
of supply processes.

In this methodology some geomatics operations are included,
or procedures that depend on the geographical location of vari-
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Fig. 1. Emergy diagram of the water supply and recycling system (based on Diaz-Delgado et al., 2014).
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Fig. 2. Methodology of an emergy-based evaluation for the integrated management of water resources.

ables. For these procedures, three modules were designed in the
Idrisi informatics platform for Geographic Information Systems
(GIS; Eastman, 2006): a) supply process: groundwater extraction,
b) supply process: wastewater treatment and c) water supply eval-
uation.

Before using the modules, the generation of specific scenarios
for each case study may be created by examining the socioeco-
nomic system and its initial infrastructure for supplying water from
conventional sources (i.e., extraction of surface water and ground-
water), in addition to the proposed use of alternative sources (i.e.,
treated wastewater). However, reliability is also a critical design
factor for water supply (Chung et al., 2009) and variability in clima-
tological conditions may result in additional scenarios for the water
system if levels of precipitation are also taken into account for low
(dry year), medium (average year), or high (wet year) variability.

The first of the geomatics modules (supply process: ground
water extraction) is oriented towards estimating the emergy asso-
ciated with the extraction of groundwater. This flow of emergy is
represented as the product of the energy required to elevate water
from the groundwater table to the surface and the UEV associated
with this effort (for electric energy, this factor acquired an average

value of 181,610 seJ/], in agreement with Odum (1996)). The energy
required for pumping water is estimated by the power P (J/s) neces-
sary for consumption Q (m3/s) of water of a density p (N/m?) given
the hydraulic head H (m), the gravity acceleration g and efficiency

M (Eq. (1)).

_ gpQH
m

P (1)

The hydraulic head H depends on the static level of groundwater
Ne (m), as well as losses in water capacity at the aquifer level or in
the pumping system (Macdonald et al., 2009). Eq. (2) represents the
hydraulic head H as a function of losses a; in the aquifer and the
hydraulic head a,, resulting from losses in the pumping system. In
this expression, T is the transmissivity of the aquifer (m2/s), and r
(m)and D (m)are the radius and diameter of the well, respectively. S
is the storage coefficient (dimensionless), t the duration of pumping
(days), o the Coriolis coefficient (dimensionless), f the pipe friction
coefficient (dimensionless, for more information see Eker and Kara
(2003)), L (m) the length of the pipe, and ZK (dimensionless) the
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Table 1
Emergy of wastewater treatment processes.
Process Installation’ Maintenance'! Human labour! Consumables? Electric energy® Reference
Aeration treatment 6.62E+09 2.84E+07 6.58E+08 3.99E+13 3.36E+06 Vassallo et al. (2009)
Activated sludges 291E+10 0.00E+00 1.07E+10 0.00E+00 1.17E+06 Zhou et al. (2009)
1.65E+10 0.00E+00 6.40E+09 0.00E+00 1.02E+06
Constructed wetlands/Stabilization ponds 8.35E+10 0.00E +00 3.20E+09 0.00E +00 2.66E +05 Zhou et al. (2009)
3.04E+10 0.00E+00 3.96E+09 0.00E+00 4.00E+10 Arias and Brown (2009)
Anaerobic reactor 1.53E+10 0.00E+00 3.21E+09 0.00E+00 3.01E+06 Arias and Brown (2009)
Reverse osmosis 6.08E+14 0.00E+00 0.00E+00 0.00E+00 4.16E+07 Roche et al. (2001)
1 Units in se] per design cubic meter.
2 Units in seJ per operating cubic meter.
3 Units in ] per operating cubic meter.
sum of the coefficients of local losses. index, and the economic impact. The first of these represents the
) 2.3 2.25Tt 2 difference, if it exists, between the volume of water demand and
H=Ne+a1Q+aQ" =Ne + —4_‘TT10g1o ( 25 ) g(nD)z supply. The environmental sustainability index may be defined as

(a+%+§:K)@ (2)

In the case of the wastewater treatment, whose evaluation
is carried out by means of the second geomatics module (sup-
ply process: wastewater treatment), a fixed emergy value may be
approximated given the infrastructure of the system. This is due to
the possibility of a homogenous measurement baseline provided
by emergy accounting. The evaluation per cubic meter of water,
considering the capacity for which wastewater treatment plants
(WWTPs) were designed, allows for the consumption of direct and
indirect energy by infrastructure of any size to be extrapolated. The
results of a literature review are shown in Table 1, demonstrating
(in terms of emergy) the consumption of direct and indirect energy
from different wastewater treatments. Values of zero indicate val-
ues not taken into consideration by the respective authors. In this
way, the emergy flow f; associated with the treatment [ of a volume
x; of wastewater is estimated by the use of Eq. (3), where Hyy is the
fixed value of emergy based on the installation characteristics and
their required maintenance and labor (se]). Meanwhile, Vy is the
operation volume as determined by the design (m3/year), Vuy the
useful life (years), ¢, the UEV associated with acceptable levels of
water quality (seJ/m3), E the electric energy (J) required per cubic
meter of water, and Tg the UEV of the electric energy (se]/]).

Hyy
f, = i + ETgX; 3
] E «VoVuy + cX; + ETgx; (3)

Afterwards, it is necessary to add to each supply source the
added value of the water resources as a function of the required
emergy for their processing. In this context, the emergy of water
resources is determined by the potential physical and chemical
energy of the water (Brown et al., 2010), although in the develop-
ment of water management strategies, it is only possible to consider
the potential chemical energy (Diaz-Delgado et al., 2014). Addi-
tionally, the emergy of water resources occurs as a function of the
hydrological phenomena and whether water originates from run-
off or infiltration (Buenfil, 2001). In this way, the short residence
time of surface waters in relationship to groundwater causes the
emergy corresponding to surface water to be geographically and
temporally variable across a watershed due to the variation in the
concentration of dissolved solids at different sections of its rivers
throughout the year (Diaz-Delgado et al., 2014).

Once the emergy of water resources and water supply processes
under different conditions are obtained, the constructed scenarios
may be subjected to an evaluation by means of a third geomatics
module (water supply evaluation). The indicators proposed for this
evaluation are: the water deficit, the environmental sustainability

the relationship between emergy yield and the environmental load
on the system, taking the form of Eq. (4) (Brown and Ulgiati, 1997;
Buenfil, 2001; Almeida et al., 2007; Lv and Wu, 2009), where ESI
(dimensionless) is the value for the environmental sustainability
index, R and N the emergy flow provided by renewable and non-
renewable natural resources (seJ/month), respectively, and F the
flow of emergy required from the socioeconomic system in terms
of goods and services (seJ/month).

Egz(R+ﬁ+F><NiF) (4)

In the present study, similar to Diaz-Delgado et al. (2014),
renewable water resources are considered to directly originate
from precipitation (rates of run-off and infiltration), while non-
renewable resources are a function of the temporal behavior of the
groundwater table of an aquifer and are reflected by the recharge
index (Van Camp et al., 2010).

Four thresholds have been proposed for reflecting the differ-
ent states of a system. The first threshold represents a state of
null sustainability, or an ESI value equal to 0. The second threshold
encompasses systems with ESI values that reflect an environmental
load that is greater than the output (ESI=1). The third thresh-
old indicates a yield ten times greater than the environmental
load, resulting in an ESI=10. An example of this state is observed
when 60% of the emergy flow is provided by renewable resources,
yet the percentage provided by non-renewable resources (25%)
is greater than that provided by the economic feedback (15%).
The final threshold is equivalent to a proportion of emergy from
renewable resources equal to 80% and an equilibrium between the
emergy from non-renewable resources and economic feedback, an
ESI value equal to 40.

Additionally, the energy required by water supply processes
is conditioned by the effect of groundwater table depletion and
the necessary treatment required for removing high concentra-
tions of contaminants. Thereby, the economic impact (USD/year)
is expressed in equation 5 as the equivalent economic value and
defined as the sum of the variable energetic requirements ce (J/m?3)
in relationship to the annual volumetric flow of water x (m3/year)
and the monetary production cost of the electric energy c (USD/]).

I = Z CeXC (5)

Finally, given the evaluation of the sustainability of the system, it
is possible to propose specific strategies that are focused on increas-
ing the use of renewable water resources and reducing the emergy
flow generated by supply processes.



440 C.R. Fonseca et al. / Ecological Engineering 99 (2017) 436-453

4. Informatics implementation

The geomatics modules developed for the present study were
constructed in the Delphi language (Borland Software Corporation,
2002) for the Idrisi software package. These modules operate with
three basic types of data: a) raster, b) vectorial, and c) tabular. The
first of these has a matrix structure (with extension *.rst) and is
used to represent georeferenced maps with pixels of different ref-
erence values. The second type (with extension *.vct) represents
three types of geometric, georeferenced figures (point, line, poly-
gon). The third type is a database (with extension *.mdb) conformed
by fields (columns) with data records (rows). In Table 2, the infor-
mation required for entry, as well as the output data provided by
the module, are listed.

The watershed and aquifer may have different delimiting
boundaries, for which they are required as inputs in the geomatics
module.

Furthermore, the evaluation of the scenarios stems from the
concept of a network consisting of a set of nodes and arcs. Although
analyzing the volumes of allocated water resources is beyond the
scope of this study, it is necessary to understand this aspect of the
structure and functioning of the developed geomatics modules. A
network is composed of a group of ordered pairs, where each one
represents a link (or arc) between a demand node (or user) and
a supply node (or supply source). The arcs may be described in
terms of the volume of water that is transferred from supply nodes
to demand nodes. A variable cost is assigned to this volumetric
flow, which may or may not be contained within the maximum
or minimum transfer limits. In the current study, the cost must be
interpreted as the sum of the emergy flows associated with the
transferred water resources, which includes the supply processes
necessary for its transference. Therefore, the receptor and supply
nodes are characterized, respectively, by the quantity demanded
and the maximum capacity for supplying water resources.

The hydrogeological conditions considered in the emergy
accounting of the groundwater extraction are the depth of the
groundwater table and its maximum level according to historical
records, in addition to the depth of the aquifer strata and the val-
ues estimated for its storage coefficient and transmissivity. In this
same supply process, it is necessary to understand the operating
conditions of each extraction well, including the casing diameter
of tubing, the friction and local loss coefficients, the efficiency of
the pumping equipment, pumping time per year, and cost (in mon-
etary terms) of installation, maintenance, and labor. In the case of
wastewater treatment, the characteristics that the database should
contain include type of water treatment and water volume accord-
ing to design and operating capacity.

The emergy accounting for wastewater treatment is based on
the values given in Table 1. However, the se]/$ ratio associated
with the zone of study, in addition to the transformity values corre-
sponding to water resources and the production of electric energy,
are equally required.

In this way, the geomatics modules provide (as coefficients) the
energy of the operating systems as well as the emergy associated
with the supply processes as a function of the volume assigned
to each arc, the classification of transferred water resources as
renewable or non-renewable, and finally, water deficits and envi-
ronmental sustainability indicators (ESI).

4.1. Module for the emergy accounting of groundwater extraction

The developed geomatics module for this procedure, and whose
flow diagram and interface are shown in Fig. 3 can: a) provide, per
arc, the coefficients that determine the emergy associated with the
extraction of groundwater, b) determine the capacity of nodes in

Table 2

Inputs and outputs of the geomatics modules.
Name Format
Inputs

Watershed/aquifer boundary

Supply and demand nodes

Arc and node network

Hydrogeological features

Operational characteristics of
groundwater extraction

Operational characteristics of water
treatment

Emergy of water resources

Raster (*.rst)
Vectorial point (*.vct)
Database (*.mdb)
Raster (*.rst)
Database (*.mdb)

Database (*.mdb)

Raster (*.rst)

Outputs

Energy of groundwater extraction and
water treatment

Emergy coefficients per arc

Classification of emergy flow per arc

Evaluation indicators

Database (*.mdb)/vectorial or raster

Database (*.mdb)
Database (*.mdb)
Database (*.mdb)

each arc (by constructing a divergence vector), and c) generate the
required databases for the system evaluation module.

In relationship to the emergy f; associated with the extraction of
groundwater, the module provides four coefficients, ¢; Vi=1, 2, 3,4
(generated as four columns in the node network database- Fig. 3a),
describing the water flow x; supplied by an arc. The first is an
independent term that represents the fixed emergy requirements
per installation type and maintenance and labor requirements
(estimated in a similar manner in equation 3 for the wastewater
treatment infrastructure- Fig. 3b). The other three coefficients are
derived from the energy required for pumping groundwater given
a variable hydraulic head. More specifically, a re-framed emergy
equation (Eq. (2)) is shown for equation 5. In this expression, the
second coefficient ¢, (Fig. 3¢)is a first level degree, composed of the
groundwater emergy T,q¢ (sej/m3)and the hydraulic head consider-
ing the static level Ne. The third c3 and fourth ¢4 coefficients (Fig. 3d)
are squared and cubic in nature, respectively, and represent the
hydraulic head considering friction losses and well efficiency, as
was seen in Eq. (2). The denominator ag=2.592 x 106 is the con-
version factor for considering a monthly flow of water (m3/month)
instead of the instantaneous flow in m3/s.

T
F'l=c1+Cox +C3xF +Caxp = €1 + (Taqf + %Ne) X

T T
n ao n ag

In addition to the coefficients for estimating the emergy asso-
ciated with the water supply of the arcs, whose nodes of origin
are the wells, this module provides the energy (in]/month) con-
sumed per groundwater extraction per well, based on the rate
flow of a reference pump. Therefore, it is possible to obtain the
energy consumed per well, or rather, an isocontour map of ener-
getic consumption according to pump volumes, similar to that of
Fonseca et al. (2013a,b). In this sense, while the energy is esti-
mated individually for each well, a database with information on
the operative characteristics is necessary, since in the creation of
an isocontour map the operative characteristics concerning water
extraction should be equal in order for their interpolation to be
solely a function of the depth of the groundwater table.

In the table generated for the construction of the node network,
the module provides data columns corresponding to the emergy
coefficients for groundwater extraction. However, in the database
accessible to the user, another table is also added with the coef-
ficients c’,, '3, and c’4, which exclusively represent the energy
consumption required to pump up water from the groundwater
table to the surface level.
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Fig. 3. Flow chart and interface of the module “Supply processes: groundwater extraction”.
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Fig. 4. Interface of the module “Supply processes: water treatment”.

With regards to the classification of water resources, from the
raster images corresponding to the maximum depth of the ground-
water table and the storage coefficient m, the module estimates
the capacity of node b; (volume per surface area unit) and its
renewability classification (Boolean data type, yes/no) in order to
be concatenated in the database. If the depth of the current ground-
water level PL; atlocationiis lower than the maximum depth PL,,;,
there is a volume b; of water considered to be renewable. To the
contrary, the volume is considered to be non-renewable, and it is
finite if the depth of the aquifer strata SL; is known (Eq. (6)).

(PLmaxi - PLi) mi, siPLi < PLmaxi
b; = i (6)
(SLI — PL,-)mi, SIPL,' > PLmaX,

4.2. Module for the emergy accounting in wastewater treatment

For the analysis corresponding to wastewater treatment, the
type of treatment should be identified in the entry database in
order for it to be associated with the emergy values found in the
literature (Table 1). For this, the capacity of the infrastructure and
the operation costs must be specified in the same database. In this
case, the independent emergy term is a function of the installation
capacity, and the non-lineal coefficients are a function of the oper-
ating cost. The module itself performs a series of tabular operations,
with the exception of the extraction of the identifiers of wastewater
treatment plants from their location vectorial files.

In Fig. 4, where the interface of the module is shown, two spaces
are observed that demonstrate the databases. The upper portion
corresponds to the node network (Fig. 4a), where the coefficients
are aggregated in order to estimate the emergy as a function of the
treatment volume. The lower portion shows the table of data inputs
(Fig. 4b) that must be entered by the user, in addition to the emergy
associated with both the consumables (mainly chemicals) and the
electric energy consumed per treated cubic meter of water, along

with the installation, maintenance, and labor costs per cubic meter
of capacity (Fig. 4c).

4.3. Module for the evaluation of indicators

Fundamentally, this module works with the same tabular data
obtained from the previous modules for estimating the water
deficit, the emergy of supplied water, the environmental sustain-
ability index, and the energy consumed during system operation
under several different scenarios. The module provides two func-
tions: evaluation and optimization. By means of the second
function, it is possible to obtain the water allocation with the mini-
mum flow of emergy from an offer node to a demand node through
a mathematical model, defined as the “minimal cost network flow
with bounds on arc flows” (Fonseca, 2014). However, the develop-
ment of this function is outside the reach of the current work.

During evaluation (Fig. 5), a volumetric flow x; of water is asso-
ciated with each demand node, supposing that water allocation is
available via each arc k (Fig. 5a). First, the water deficit is estimated
for each demand node, where a deficit is indicated if the sum of the
demand and the output directed towards a node is negative, follow-
ing the same sign conventions used during programming (Fig. 5b).
After the operation emergy (Fig. 5¢) and the energy (Fig. 5d) value
associated with the infrastructure are estimated for each arc, the
renewability of water resources is defined by a linear term, based
on the data inputs. Once the water resources are classified accord-
ing to emergy as renewable resources Rj; or non-renewable N;j; at
each node i and month j, the environmental sustainability index
ESI;; is estimated in terms of the total emergy Em;; (equation 6).

ESI,; = Em; Ri (6)
v Emu — Rl] — NU Emu — RU




C.R. Fonseca et al. / Ecological Engineering 99 (2017) 436-453 443

S oEN

¥ Emergy accounting

Input database: [baﬁon\Scenario_l_mem_Inpuﬂ)atabase.mcb J

Allocation table [Water_resources_allocation ~|

Demandnodes  Sourcenodes  Emergydass  Description Flow rate prefix
[ieFinor v Jdmior  ~] [RN | |pescripcén ~| [x

Supported sources

[V Deep wells [Pozo_nodo [V Surface water Asup_nodo

[V Imported |Imp_nodo [V Wastewater treatment plant |PTAR _nodo

Emergy coeffidents table [Emergy_coeffidents | ¢
Source nodes C1 c2 c3 C4

[idmior | [c1Ge) w| [c2(seim3) ¥] [c3seim3) v|  [c4 (seim3 v ]
Energy coefficents table [Energy_coefficents | d
Source nodes C2e C3e Cée

dinor  v| [c2e

A o e o
Demand table  |Demand = b

Demand nodes Monthly demand prefix
IdFinor | [b3

Water resources emergy table IWGW.’QSOU"QS_C'“C' ay ~|
Source nodes Monthly emergy prefix

IdIniOr v c2

Output databaseC: WJsers\USUARIO\Documents\CRFO\Articuos J

Evaluation table prefix |Month

e ] e

lProgress: Y

Fig. 5. Interface of the module “Evaluation”.

5. Study area

The Upper Course of the Lerma River (UCLR) belongs to the
Lerma-Santiago-Pacifico basin and forms the region for the case
study of the designed modules. With an average altitude of 2600
masl and average annual rainfall of 1200 mm, this watershed has
a temperate, sub-humid climate, an average rainfall of 900 mm
in the valley and semi-cold and cold climates in the mountains
(Esteller and Diaz-Delgado, 2002). The aquifer of the Toluca Val-
ley (ATV) is unconfined (Esteller et al., 2011) and conformed in
large part by granular material with an average hydraulic conduc-
tivity of 2 x 10~> m/day (Paredes, 2010). According to official data
(DOF, 2009), the ATV has a water recharge rate of 336.8 hm3/year,
a discharge rate of 53.6hm3/year, and an extracted volume of
422.4hm3|/year, yet taking into consideration water usage, there is
an overall deficit of 152.4 hm?3/year that is obtained from ground-
water reserves. The overexploitation of ATV is reflected in the
continual decrease of the groundwater level from 0.1 to 1.6 m/year
(Fonseca et al., 2013b), corresponding with the proportion of inter-
nal water usage that comes from groundwater resources, at 95.8%,
while the remaining portion is imported from neighboring surface
waters (Fonseca et al., 2013b; IMTA, 2009). This is due to the fact
that the surface waters of the UCLR are not apt for human consump-
tion, which is a product of severe pollution resulting from effluents
of industrial and domestic origin.

With regards to internal water consumption, demand for urban
use has been estimated for 90 demand nodes to be 111.2 hm? annu-
ally, according to the methodology of Fonseca et al. (2013a). The

demand for water in the industrial and agricultural sectors was esti-
mated from the number of employees that work in the industrial
sector and the surface area of cultivated corn (identified by means of
satellite images), respectively. Therefore, the industrial demand for
water, distributed in 7 demand nodes, is 14.7 hm3 annually, while
the agricultural demand, distributed in 20 demand nodes, canreach
values of 41.9, 74.3, and 154.7 hm3 for a wet, average, or dry year,
respectively (Fonseca, 2014).

Of the extracted groundwater, Diaz-Delgado et al. (2014) identi-
fied that only 97.31 hm3 may be considered to be renewable in the
context of integrated water resource management, with an associ-
ated emergy value of 1.39 x 102 seJ/m3. Furthermore, the emergy
corresponding to the surface waters of the 11 sub-watersheds
has a significant spatial and temporal variation at an average of
2.79 x 1012 se]J/m3 with a standard deviation of 7.17 x 1012 seJ/m3,
where the greatest difference in emergy within the same sub-
watershed was presented for the month of June.

5.1. Water supply scenarios

In the context of the current work, four water supply scenar-
ios were considered within the UCLR. The first of these establishes
the basis for the current supply conditions “CSC” (considering 2010
as the base year), where urban uses are supplied with water of
the highest quality, and water output from wastewater treatment
plants is not able to be used. The second scenario, treated wastewa-
ter is utilized by the agricultural and industrial sectors “TWAI". The
next scenario, treated wastewater is used in agricultural and indus-
trial sectors but also in urban nodes with restrictions “TWAIU”,
destined for toilets and garden irrigation. Last scenario assumes
that wastewater treatment plants have sufficient capacity to ensure
that water is drinkable (by the incorporation of reverse osmosis),
thereby eliminating restrictions on urban use “DW”.

Fig. 6 shows the location of the supply sources considered
in the above mentioned scenarios. The groundwater sources are
represented by a total of 507 deep wells registered within the lim-
its of the UCLR watershed (not considering the 260 wells whose
extracted volume is exported). The casing diameters of the tubing
for water transportrange from0.15t0 0.51 m, withamode 0f0.30 m
(IMTA, 2009). The power of the installed pumps reaches 150 HP,
where upon considering the hydrogeological characteristics, has an
inferred extraction capacity from 1.5 x 103 to 2.6 x 10°> m3/month,
with an average of 5 x 10 m3/month. The friction coefficient f
was calculated from the Nikuradse equation (Sotelo, 2002), where
predominantly iron material with aroughness of 0.01 mm was con-
sidered, resulting in values ranging from 0.014 to 0.018 with a
mode of 0.015. For all pumping equipment, a local loss coefficient
of K=3.74 was considered, based on the basic components of an
extraction station with a useful life of 30 years and the values pro-
posed by Sotelo (2002). The installation cost was estimated from
the drilled depth of the well, according to previous investments
catalogued by SEMARNAT (2011) and based on the following: 1207
USD/m for wells up to 100 m, 1810 USD/m for up to 200 m, and 2144
USD/m for more than 200 m (average exchange rate for 2011 was
MX$12.43/USD, according to data from the Bank of Mexico, 2015).
The average drilling depth for the wells of the Toluca Valley aquifer
is 182 m with a standard deviation of 71 m, a minimum of 43 m,
and a maximum of 600 m. The cost of maintenance and the effi-
ciency of the pumping equipment were estimated to be a function
of the extracted reference water flow rate, from the data pro-
vided by Palacios et al. (2002) and the Secretary of Energy (1997),
respectively. The relationship between emergy and economic pro-
duction, or ratio se]/$, was considered equal to 3.17 x 1010 se]/MXS$,
since Brown and Bardi (2001) produced a nationwide estimate of
4 x 1011 seJ/USD.
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Fig. 6. Water supply sources in the UCLR basin.

The volume of surface water allocated for urban use is approx-
imately 15.6 hm3, while agricultural use has an allocated volume
of 46.6hm3 (SEMARNAT, 2010a). For wastewater treatment, 17
plants exist in the UCLR, of which five are out of service according
to SEMARNAT (2010b). From this same data source, the opera-
tional characteristics and treatment type were obtained. Of a total
of eight wastewater treatment plants, the majority are stabiliza-
tion lagoons (5), followed by activated sludge treatment plants (4),
aerobic reactors (3), and anaerobic reactors (2). The total capac-
ity of wastewater treatment is 3000 L/s, although only 2170L/s are
treated. For the purposes of the present work, the efficiency of the
operating wastewater treatment plants was considered to be satis-
factory and to fulfill the corresponding environmental regulations.

6. Results and discussion

The emergy accounting associated with the energy required
for water supply processes under different scenarios was deter-
mined by a group of coefficients forming part of functions, which
are also dependent on the monthly volume of water transferred
across each arc. In Table 3, it is possible to observe that the Cq
coefficients, related to the infrastructure required for supply pro-
cesses, are greater for the wastewater treatment plants. However,
for the functions representing deep wells, the coefficients of the
non-linear terms (C3 and C4) are linked with head losses, result-
ing in a convergence of the unit emergy values (UEV) at a value of
approximately 5 x 104 m3/month (Fig. 7). Similarly, the UEV associ-
ated with the import of water is greater than that of water extracted
from wells or produced in wastewater treatment plants, by 50 and
600 m3/month, respectively, in the most favorable scenario.

The combination of the four types of supply infrastructure pro-
posed by the demand conditions, under dry, average, and wet
precipitation regimes, generated 12 possible scenarios, which were
evaluated on a monthly basis. Each one of these contemplates up
to 91 groups or sources and users (nodes), connected to each other
(Fig. 8).

The allocation of water transport volumes from the water sup-
ply nodes towards the demand nodes, except in scenario CSC, was
based on a network flow of minimal cost with bounds on arc

flows (Fonseca, 2014), where the cost is represented by the emergy
associated with the water resources as well as with the supply
processes.

Table 4 demonstrates the annual volume of water allocated
to the different scenarios from the distinct supply sources. The
decrease in imported water volume is partially compensated
with an increase in the extraction of groundwater. However, the
decrease in the annual deficit is mainly provided by recycled
wastewater. Following these scenarios, the minimum deficit (16%)
is associated with a wet year under scenario DW. It is worth to
highlight that water competition among users is reflected on the
temporal trend of water allocation, mainly due to the restriction of
links between supply and demand nodes (Fig. 9). For instance, sce-
nario CSC presented a greater average percentage of nodes without
water supply (23% of nodes- Fig. 9a), while scenario DW reached
the average maximum of completely satisfied nodes (64% of nodes-
Fig. 9b) during a mean year. The decrease of completely satisfied
nodes in scenario DW during a wet year is explained by the increase
of nodes with deficit up to 50% (due to more open links between
source and demand nodes- figure c). Although in scenarios TWAIU
and DW the number of nodes with a high percentage of deficit
(>75%) decreases (Fig. 9d), scenario TWAIU results in an increase of
nodes with a deficit just of between 1 and 25% (Fig. 9e). Overall, the
nodes improved their status in comparison to scenario TWALI, shift-
ing from a large deficit of between 51 and 75% to being completely
satisfied.

With regards to emergy accounting, existing literature has syn-
thesized information in fields of tables that represent different
elements or items associated with emergy flows, including the
annual emergy flow and type, measurement units, and unit emergy
values (UEV), along with their bibliographic references. In com-
parison, the geoinformatics module used for evaluating scenarios
also provides an emergy table (Appendix A), where the UEV and
its bibliographic references are represented by the coefficients C;
to C4. The annual flow is determined by a function with measure-
ment units equal to the monthly water flow (m3/month) for each
item. Additionally, the evaluation modules add to the emergy tables
alternate coefficients Cye to C4e (Cqe =0 for each case) for estimat-
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Table 3
Emergy coefficients of water supply processes in the UCLR basin.
Process G G G Cy
Deep Wells Average 2.94E+14 5.34E+10 2.33E+05 1.75E-02
Standard deviation 1.68E+14 1.79E+10 2.15E+05 2.98E-02
Median 2.15E+14 5.26E+10 1.58E+05 9.83E-03
WWTP Average 1.18E+17 7.28E+12 0 0
Standard deviation 2.65E+17 1.58E+13 0 0
Median 3.04E+16 1.99E+11 0 0
Imported water Average 0 231E+12 0 0
Standard deviation 0 0 0 0
Median 0 2.31E+12 0 0
WWTP: Wastewater treatment plants.
The emergy function has the shape: Em=C; +Cyx+C3 .2 +Cyq , 3.
where Em: emergy (se]/month) and x: associated water flow rate with an arc (m?/month).
——  Wastewater Treatment Plant
o Wells
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- - - - Imported water

UEV (solar emjoules per cubic meter)

10 L1l L1 ul a1 1l
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Fig. 7. UEV by type of supply process in the UCLR basin.
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Table 4
Annual allocation of water for evaluated scenarios.
Scenario Demand Supply sources Total Deficit
Groundwater Surface water Imported water Recycled water
0 Dry 280.64 90.90 21.87 26.74 0.00 139.51 50.29%
Mean 200.24 89.34 13.11 26.74 0.00 129.19 35.48%
Wet 167.87 76.02 10.11 26.74 0.00 112.87 32.76%
1 Dry 280.64 114.89 20.92 1.89 26.59 164.29 41.46%
Mean 200.24 114.86 13.11 1.89 16.15 146.01 27.08%
Wet 167.87 113.60 10.31 1.89 12.74 138.54 17.47%
2 Dry 280.64 114.89 20.92 1.89 27.46 165.16 41.15%
Mean 200.24 114.86 13.11 1.89 17.05 146.91 26.64%
Wet 167.87 113.60 10.31 1.89 13.74 139.54 16.88%
3 Dry 280.64 114.89 20.92 1.89 28.71 166.41 40.70%
Mean 200.24 114.86 13.11 1.89 19.35 149.21 25.49%
Wet 167.87 113.60 10.31 1.89 15.14 140.94 16.04%
Units in hm?3/year.
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Fig. 9. Associated percentage of nodes surpassing the threshold of average monthly deficit.

ing the flow associated with the energy consumption (J/month) in
the corresponding items.

In this way, the emergy tables for each of the 117 demand nodes
can be observed in the generated databases. In these, it can be
observed that the agricultural demand nodes are affected by varia-
tion in hydrological conditions. For example, Tables 5 and 6, show
the emergy accounting for one of these nodes (identifier 1602 in the
database) during the month of July for scenarios CSC and TWAIU,
respectively. For scenario CSC, the flows in emergy and energy, in
addition to the ESI, are maintained constant in relationship to the
variation in the hydrological conditions resulting from the lack of
capacity of the supply nodes to administer more water. Due to this,
the deficit increases by 69% for a wet year and up to 91% for a dry
year.

To the contrary, in scenario TWAIU the emergy flow must
increase by 3% in order to decrease the water deficit by 64% and
38% for a dry and average year, respectively. For a wet year, the
water demand is completely covered, evenresulting in a decreasing
emergy flow due to the substitution of water supplied from wells
with recycled water. A double-count of emergy due to the infras-
tructure of the system was avoided, as the module recognized the
first instance of a source and omitted this value (Cy) in later arcs.

In scenario TWAIU, the water supply from wastewater treat-
ment plants leads to an increase in the emergy flow in the form of
economic feedback (F). In transitioning from scenario CSC to sce-
nario TWAI, a decrease in the ESI is implied in order to decrease
the deficit. In this case, the least favorable case for nodes is a dry
year, where for each decrease in percentage point of the deficit,
the ESI will also be reduced by 0.13. For average and wet years, the
decrease in ESl is by 0.07 and 0.05, respectively.

Both annually and overall, scenario CSC has weighted UEV
averages of 4.8 x 1013, 5.1 x10!3 and 5.3 x 10'3 seJ/m3, corre-
sponding to the delivered water volumes for a dry, average, and
wet year, respectively. For the same water regimens, scenarios
TWAI, TWAIU, and DW present values of 5.2 x 10'3, 5.8 x 10'3, and
6.0 x 1013 se]/m3 without significant variation.

The ESIdoes not present significant variations given the differing
scenarios, but variation may be observed in the proportion of nodes
that correspond to each ESI threshold described beforehand, which
differ for the four described infrastructure scenarios for water
supply (Fig. 10). The lowest sustainability threshold (ESI=0) on sce-
nario CSC had the greatest percentage (greater than 50%) of nodes
that did not utilize renewable resources, while scenarios TWAIU
and DW reduced this percentage by up to 46% between April and



Table 5

Emergy table of an agricultural water demand node for July in the scenario 0.

Source ID Source description Input element Dry year Mean year Wet year
Flow Emergy T Energy Flow Emergy T Energy Flow Emergy T Energy

Demand —700000 —400000 —200000

10 Deep well Energy 3115.84 1.9E+14 F 1.9E+09 3115.84 1.9E+14 F 1.9E+09 3115.84 1.9E+14 F 1.9E+09
10 Deep well Water 26.31 1.9E+15 R 0.0E+00 26.31 1.9E+15 R 0.0E+00 26.31 1.9E+15 R 0.0E+00
10 Deep well Infrastructure 26.31 7.6E+13 F 0.0E+00 26.31 7.6E+13 F 0.0E+00 26.31 7.6E+13 F 0.0E+00
10 Deep well Energy 26.31 1.6E+12 F 1.6E+07 26.31 1.6E+12 F 1.6E+07 26.31 1.6E+12 F 1.6E+07
10 Deep well Water 3115.84 22E+17 N 0.0E+00 3115.84 2.2E+17 N 0.0E+00 3115.84 22E+17 N 0.0E+00
10 Deep well Infrastructure 3115.84 0.0E+00 F 0.0E+00 3115.84 0.0E+00 F 0.0E+00 3115.84 0.0E+00 F 0.0E+00
27 Deep well Energy 5435.94 1.9E+14 F 1.9E+09 5435.94 1.9E+14 F 1.9E+09 5435.94 1.9E+14 F 1.9E+09
27 Deep well Infrastructure 5435.94 0.0E+00 F 0.0E+00 5435.94 0.0E+00 F 0.0E+00 5435.94 0.0E+00 F 0.0E+00
27 Deep well Water 5435.94 3.9E+17 N 0.0E+00 5435.94 3.9E+17 N 0.0E+00 5435.94 3.9E+17 N 0.0E+00
27 Deep well Energy 87.28 3.0E+12 F 3.0E+07 87.28 3.0E+12 F 3.0E+07 87.28 3.0E+12 F 3.0E+07
27 Deep well Water 87.28 6.2E+15 R 0.0E+00 87.28 6.2E+15 R 0.0E+00 87.28 6.2E+15 R 0.0E+00
27 Deep well Infrastructure 87.28 2.1E+14 F 0.0E+00 87.28 2.1E+14 F 0.0E+00 87.28 2.1E+14 F 0.0E+00
172 Deep well Infrastructure 34.08 3.1E+14 F 0.0E+00 34.08 3.1E+14 F 0.0E+00 34.08 3.1E+14 F 0.0E+00
172 Deep well Water 34.08 24E+15 R 0.0E+00 34.08 24E+15 R 0.0E+00 34.08 24E+15 R 0.0E+00
172 Deep well Energy 49248.00 22E+15 F 3.9E+10 49248.00 2.2E+15 F 3.9E+10 49248.00 2.2E+15 F 3.9E+10
172 Deep well Energy 34.08 1.3E+12 F 2.4E+07 34.08 1.3E+12 F 2A4E+07 34.08 1.3E+12 F 24E+07
172 Deep well Infrastructure 49248.00 0.0E+00 F 0.0E+00 49248.00 0.0E+00 F 0.0E+00 49248.00 0.0E+00 F 0.0E +00
172 Deep well Water 49248.00 3.5E+18 N 0.0E+00 49248.00 3.5E+18 N 0.0E+00 49248.00 3.5E+18 N 0.0E+00
176 Deep well Water 48.93 3.5E+15 R 0.0E+00 48.93 3.5E+15 R 0.0E+00 48.93 3.5E+15 R 0.0E+00
176 Deep well Infrastructure 48.93 3.3E+14 F 0.0E+00 48.93 3.3E+14 F 0.0E+00 48.93 3.3E+14 F 0.0E+00
176 Deep well Energy 48.93 1.9E+12 F 3.7E+07 48.93 1.9E+12 F 3.7E+07 48.93 1.9E+12 F 3.7E+07
176 Deep well Water 2561.96 1.8E+17 N 0.0E+00 2561.96 1.8E+17 N 0.0E+00 2561.96 1.8E+17 N 0.0E+00
176 Deep well Infrastructure 2561.96 0.0E+00 F 0.0E+00 2561.96 0.0E+00 F 0.0E+00 2561.96 0.0E+00 F 0.0E+00
176 Deep well Energy 2561.96 9.9E+13 F 1.9E+09 2561.96 99E+13 F 1.9E+09 2561.96 9.9E+13 F 1.9E+09
177 Deep well Water 50.73 3.6E+15 R 0.0E+00 50.73 3.6E+15 R 0.0E+00 50.73 3.6E+15 R 0.0E+00
177 Deep well Infrastructure 50.73 33E+14 F 0.0E+00 50.73 3.3E+14 F 0.0E+00 50.73 3.3E+14 F 0.0E+00
177 Deep well Energy 50.73 1.9E+12 F 5.7E+07 50.73 1.9E+12 F 5.7E+07 50.73 1.9E+12 F 5.7E+07
177 Deep well Water 1717.33 1.2E+17 N 0.0E+00 1717.33 1.2E+17 N 0.0E+00 1717.33 1.2E+17 N 0.0E+00
177 Deep well Infrastructure 1717.33 0.0E+00 F 0.0E+00 1717.33 0.0E+00 F 0.0E+00 1717.33 0.0E+00 F 0.0E+00
177 Deep well Energy 1717.33 6.4E+13 F 1.9E+09 1717.33 6.4E+13 F 1.9E+09 1717.33 6.4E+13 F 1.9E+09
Total 44E+18 4.7E+10 44E+18 4.7E+10 44E+18 4.7E+10
Deficit —6.4E+05 —3.4E+05 —1.4E+05

Deficit proportional 0.91 0.84 0.69

ESI 4.40 4.40 4.40

T: Type of emergy flow (R=Renewable, N=Non-renewable, F = Feedback) ESI: Environmental Sustainable Index.

Flow and Deficit: m3/month, Emergy: sej/month, Energy: J/month.
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Table 6

Emergy table of an agricultural water demand node for July in the scenario 2.

Source ID Source description Input element Dry year Mean year Wet year
Flow Emergy T Energy Flow Emergy T Energy Flow Emergy T Energy

Demand —700000 —400000 —200000

10 Deep well Water 26.31 1.9E+15 R 0.0E+00 2561.96 9.9E+13 F 1.9E+09 26.31 1.9E+15 R 0.0E+00
10 Deep well Infrastructure 26.31 7.6E+13 F 0.0E+00 50.73 3.6E+15 R 0.0E+00 26.31 7.6E+13 F 0.0E+00
10 Deep well Energy 26.31 1.6E+12 F 1.6E+07 50.73 33E+14 F 0.0E+00 26.31 1.6E+12 F 1.6E+07
10 Deep well Water 3115.84 2.2E+17 N 0.0E+00 50.73 1.9E+12 F 5.7E+07 3115.84 2.2E+17 N 0.0E+00
10 Deep well Infrastructure 3115.84 0.0E+00 F 0.0E+00 1717.33 1.2E+17 N 0.0E+00 3115.84 0.0E+00 F 0.0E+00
10 Deep well Energy 3115.84 1.9E+14 F 1.9E+09 1717.33 0.0E+00 F 0.0E+00 3115.84 1.9E+14 F 1.9E+09
27 Deep well Water 87.28 6.2E+15 R 0.0E+00 1717.33 6.4E+13 F 1.9E+09 87.28 6.2E+15 R 0.0E+00
27 Deep well Infrastructure 87.28 2.1E+14 F 0.0E+00 103680.00 3.6E+16 R 0.0E+00 87.28 2.1E+14 F 0.0E+00
27 Deep well Energy 87.28 3.0E+12 F 3.0E+07 103680.00 43E+16 F 0.0E+00 87.28 3.0E+12 F 3.0E+07
27 Deep well Water 5435.94 3.9E+17 N 0.0E+00 103680.00 5.0E+15 F 6.7E+10 5435.94 3.9E+17 N 0.0E+00
27 Deep well Infrastructure 5435.94 0.0E+00 F 0.0E+00 82944.00 2.9E+16 R 0.0E+00 5435.94 0.0E+00 F 0.0E+00
27 Deep well Energy 5435.94 1.9E+14 F 1.9E+09 82944.00 3.5E+16 F 0.0E+00 5435.94 1.9E+14 F 1.9E+09
172 Deep well Water 34.08 24E+15 R 0.0E+00 82944.00 4.0E+15 F 5.3E+10 34.08 24E+15 R 0.0E+00
172 Deep well Infrastructure 34.08 3.1E+14 F 0.0E+00 26.31 1.9E+15 R 0.0E+00 34.08 3.1E+14 F 0.0E+00
172 Deep well Energy 34.08 1.3E+12 F 2.4E+07 26.31 7.6E+13 F 0.0E+00 34.08 1.3E+12 F 2.4E+07
172 Deep well Water 49248.00 3.5E+18 N 0.0E+00 26.31 1.6E+12 F 1.6E+07 297.60 2.1E+16 N 0.0E+00
172 Deep well Infrastructure 49248.00 0.0E+00 F 0.0E+00 3115.84 22E+17 N 0.0E+00 297.60 0.0E+00 F 0.0E+00
172 Deep well Energy 49248.00 22E+15 F 3.9E+10 3115.84 0.0E+00 F 0.0E+00 297.60 1.1E+13 F 2.1E+08
176 Deep well Water 48.93 3.5E+15 R 0.0E+00 3115.84 1.9E+14 F 1.9E+09 48.93 3.5E+15 R 0.0E+00
176 Deep well Infrastructure 48.93 33E+14 F 0.0E+00 87.28 6.2E+15 R 0.0E+00 48.93 33E+14 F 0.0E+00
176 Deep well Energy 48.93 1.9E+12 F 3.7E+07 87.28 2.1E+14 F 0.0E+00 48.93 1.9E+12 F 3.7E+07
176 Deep well Water 2561.96 1.8E+17 N 0.0E+00 87.28 3.0E+12 F 3.0E+07 2561.96 1.8E+17 N 0.0E+00
176 Deep well Infrastructure 2561.96 0.0E+00 F 0.0E+00 5435.94 3.9E+17 N 0.0E+00 2561.96 0.0E+00 F 0.0E+00
176 Deep well Energy 2561.96 9.9E+13 F 1.9E+09 5435.94 0.0E+00 F 0.0E+00 2561.96 9.9E+13 F 1.9E+09
177 Deep well Water 50.73 3.6E+15 R 0.0E+00 5435.94 1.9E+14 F 1.9E+09 50.73 3.6E+15 R 0.0E+00
177 Deep well Infrastructure 50.73 33E+14 F 0.0E+00 34.08 24E+15 R 0.0E+00 50.73 33E+14 F 0.0E+00
177 Deep well Energy 50.73 1.9E+12 F 5.7E+07 34.08 3.1E+14 F 0.0E+00 50.73 1.9E+12 F 5.7E+07
177 Deep well Water 1717.33 1.2E+17 N 0.0E+00 34.08 1.3E+12 F 2.4E+07 1717.33 1.2E+17 N 0.0E+00
177 Deep well Infrastructure 1717.33 0.0E+00 F 0.0E+00 49248.00 3.5E+18 N 0.0E+00 1717.33 0.0E+00 F 0.0E+00
177 Deep well Energy 1717.33 6.4E+13 F 1.9E+09 49248.00 0.0E+00 F 0.0E+00 1717.33 6.4E+13 F 1.9E+09
2006 WWTP Water 103680.00 3.6E+16 R 0.0E+00 49248.00 2.2E+15 F 3.9E+10 103680.0 3.6E+16 R 0.0E+00
2006 WWTP Infrastructure 103680.00 4.3E+16 F 0.0E+00 48.93 3.5E+15 R 0.0E+00 103680.0 4.3E+16 F 0.0E+00
2006 WWTP E&C 103680.00 5.0E+15 F 6.7E+10 48.93 3.3E+14 F 0.0E+00 103680.0 5.0E+15 F 6.7E+10
2008 WWTP Water 82944.00 2.9E+16 R 0.0E+00 48.93 1.9E+12 F 3.7E+07 82944.00 29E+16 R 0.0E+00
2008 WWTP Infrastructure 82944.00 3.5E+16 F 0.0E+00 2561.96 1.8E+17 N 0.0E+00 82944.00 3.5E+16 F 0.0E+00
2008 WWTP E&C 82944.00 4.0E+15 F 5.3E+10 2561.96 0.0E+00 F 0.0E+00 82944.00 4.0E+15 F 53E+10
Total 4.6E+18 1.7E+11 46E+18 1.7E+11 1.1E+18 13E+11
Deficit —451049.6 —151049.6 0.00

Deficit proportional 0.64 0.38 0.00

ESI 0.93 0.93 1.01

T: Type of emergy flow (R=Renewable, N=Non-renewable, F=Feedback) ESI: Environmental Sustainable Index. WWTP: Wastewater Treatment Plant, E&C: Energy and consumables. Flow and Deficit: m?/month, Emergy:

sej/month, Energy: J/month.
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Fig. 10. Monthly Environmental Sustainability Index for the water supply system in the UCLR basin.

June (Fig. 10a). In scenario DW, the majority of nodes have an ESI
value between 0 and 1 (Fig. 10b), while in scenario TWAIU these val-
ues are contained within the intervals of 1 <ESI<10 (Fig. 10c) and
10<ESI <40 (Fig. 10d), above all for the period of June to September.
For ESI> 40, scenarios TWAIU and DW have the largest proportion
of nodes for this interval during June and July and scenarios CSC
and TWAI for November to May (Fig. 10e). The weighted average of
the ESI with respect to the volume of the water supply to the nodes
(Fig. 10f) indicates that scenarios TWAI and TWAIU have the best
emergy yield in consideration of inputs from the socioeconomic
system, as well as the lowest environmental load.

In evaluating the economicimpact (Table 7), scenarios TWAI and
TWAIU show significantly less energy consumption in comparison
to scenarios CSC and DW, due to the low volume of imported water
and a lowered need to treat water for drinking purposes, respec-
tively. In both scenarios TWAI and TWAIU, energy consumption
decreases by 10 to 15% in comparison to scenario CSC, as a function
of the water regime, meanwhile the treatment of water to drinkable
levels increases energy consumption 1.8 to 3.2 times, with respect
to scenario TWAIU.

An almost proportional relationship is maintained between sce-
narios TWAI and TWAIU. Although scenario TWAIU represents
a larger energy consumption than scenario TWAI, the satisfied
demand correspondingly increases. In this sense, the economic
impacts per supplied cubic meter are equivalent.

The capacity to supply water, represented by the connections
between nodes, is an element that also influences the energy con-
sumption. In scenario CSC, the different supply sources are more
restricted and as a consequence, the energy consumption varies up
to 0.35% from a wet year to a dry year. Scenarios TWAI and TWAIU
reflect variations of up to 5.3% in energy consumption, although
scenario DW, with a greater number of supply arcs, demonstrates
variations of nearly 60% across seasons.

Although scenario DW has the lowest values for absolute
deficits, scenario TWAIU provides the lowest economic impact and
has the highest ESI. Before implementing programs to generate
drinking water from wastewater sources (scenario DW, required
in the long term), an increase in the efficiency of the processes of
the current scenario is feasible. An evolution from scenario CSC to
scenario TWAIU is proposed in this study by means of 2 strategies
(stage 7 of the methodology; Fig. 2) that would require gradual
changes in infrastructure and the eventual reform of policies con-
cerning the allocation of water resources.

The first strategy would involve increasing the supply of renew-
able resources by means of increasing the capacity of wastewater
treatment plants and adapting urban infrastructure in order to
recycle water for domestic consumption (toilet and garden use).
It may be highlighted that in this scenario, the nodes with 100%
deficit are mainly linked to agricultural demand, which may also
imply the use of water supplies from un-registered sources. For the
proposed goals, based on the conditions of scenario TWAIU during a
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Table 7

Energy consumption and economic impact due to water supply in the UCLR basin.
Energy consumption (kWh/year) Scenario 0 Scenario 1 Scenario 2 Scenario 3
Wet year 115087197 97918810 98590648 274474706
Mean Year 115222167 99374457 100026277 328842559
Dry year 115487016 103199255 103845401 436480107
Economic impact (USD$/year)
Wet year $12,659,592 $10,771,069 $10,844,971 $30,192,218
Mean Year $12,674,438 $10,931,190 $ 11,002,890 $36,172,682
Dry year $12,703,572 $11,351,918 $11,422,994 $48,012,812
Economic impact per cubic meter (USD$/m?3)
Wet year $0.11 $0.08 $0.08 $0.21
Mean Year $0.10 $0.07 $0.07 $0.24
Dry year $0.09 $0.07 $0.07 $0.29
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Fig. 11. Annual deficit in water supply (dry year for scenario TWAIU) and additional wastewater treatment capacity required.

dryyear,itis possible to re-utilize a water volume of 27.46 out of the
68.4 hm?3 Jyear that is treated in WWTP in the watershed. However,
due to the geographic location of the WWTP and the configuration
of the links between the supply and demand nodes, it is necessary
to implement new wastewater treatment plants in strategic places.
Thus, the watershed was divided into 11 sub-watersheds (Fig. 11)in
order to determine: a) the volume of treated water that can be sup-
plied solely by enabling new connections with existing WWTP and
b) the volume of treated water that would require the installation
of new infrastructure. In this sense, in the short-term it is proposed
that the deficit associated with agricultural demand during a dry
year in scenario TWAIU be covered with an additional 12 hm3/year
by enabling new links with existing WWTP and 83.2 hm3 /year with
the installation of new WWTP. In the medium term, the recycling of
water for domestic use could achieve a volume of 9.8 hm?3/year by
enabling links with existing WWTP and may reach 10.2 hm3/year
with the construction of new WWTP. Likewise, the proposal to recy-
cle water for domestic use could allocate up to 30% of the water
demand from the domestic nodes corresponding to middle and
high socioeconomic areas, thereby leading to a higher ESI value
for urban zones, where nodes with ESI=0 are concentrated.

In considering these potential re-allocation of water volume,
policy reforms must consider the use of a hierarchy or prioritiza-
tion scheme for the water supply based on actual supply sources.

Firstly, the allocation of water should respond to available levels
in the current water regime, above all in the case of agricultural
demand. During wet years, for example, an extra annual volume
of 32.4hm3 will be available in comparison to an average year.
In second place, the UEV of the water supply provides a means
of prioritizing demand nodes that require an increase in efficiency
during some stage of the water supply process. Therefore, payment
rates could reflect a better estimation that would truly consider the
aggregate value of water resources provided by emergy account-
ing. Although the average UEV is 3.68 x 10'3 se]/m3, for an average
year in scenario TWAIU, it is possible to observe nodes with UEV
of ranging from 2.25 x 103 to 2.25 x 10 se]/m3 (Fig. 12). Given
the high demand of the agricultural nodes, these may be the first
candidates for examining the possibilities to decrease their UEV. For
example, the agricultural node (with identifier 1623 in the annexed
databases) that requires the maximum UEV in sub-watershed 42
has nearly a 90% deficit, and the water supplied to this node comes
completely from deep wells, which represents a non-renewable
water resource (ESI=0). Therefore, priority should be given to these
types of nodes, and its current supply could be complemented with
new WWTP links.

This strategy should also consider that for scenario TWAIU,
a decrease in the importation of water implies an increase in
the extraction of groundwater from a highly exploited aquifer
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Fig. 12. Unit emergy value of a cubic meter of water supplied under scenario TWAIU with mean yearly precipitation.

(consumption of non-renewable resources). On one hand, this
dynamic is feasible in terms of water balance if at the same time,
the volume of exported groundwater is reduced. On the other
hand, a decrease in the depth of the water table leads to an
increase in the energy required to extract it, modifying over time
the economic impact associated with the maintenance of deep
wells. In other words, taking into consideration the conditions
of the allocated volumetric flow for scenario TWAIU (supply of
114.86 hm?3 year from groundwater) and the average energy con-
sumption for treating wastewater (11.1 kWh/m?3), the substitution
of 114.86-97.31=17.55hm?3/year of extractable, non-renewable
water resources has an economic impact 1.64 times greater. In
agreement with Fonseca et al. (2013a,b), the economic impact of
the annual decrease in the Toluca Valley aquifer is USD 0.03/m? (or
in energetic terms: 0.27 kWh/m3). In following the proportional
tendency, in 37 years the economic impact of supplying the same
volume of groundwater will be greater than what it would cost
to supply this quantity of water using recycling techniques. Fur-
thermore, if the aggregate value of the emergy of water resources
is considered, wherein not only yield but also the conservation of
water bodies is promoted, this lapse is reduced to approximately
30 years (Fig. 13).

Generally speaking on the validation of the model results and
opposite to several simulation and forecasting models; for instance
rainfall- runoff models, where calibration and validation is obliga-
tory to be carried out by means of a measured output variable (in
the example: the flow rate); emergy-based models rely mostly on a
geobiosphere emergy baseline “GEB”. The GEB is derived from solar
radiation, tidal momentum and geothermal sources. In other words,
it depends on three global sources of energy hard to be measured
without inferences. Besides, GEB has acquired numerous values in
the past 20 years and therefore it has contributed to the uncertainty
of the models (Brown and Ulgiati, 2016). Nevertheless, there could
be a reference frame as a kind of verification of both the emergy
fluxes and the independent-from-emergy coproducts (in this case
the energy consumption and economic impact).

On one hand, the systematic uncertainty of the GEB allows com-
paring UEV’s by multiplying the UEV by the ratio of the new baseline
to the previous one (Brown and Ulgiati, 2016). At the case study, the
mean UEV of surface water (2.79 x 1012 seJ/m?3), seems too greater
than those estimated by Buenfil (2001), Brown and Ulgiati (2016)
for global streams (7.14 x 10% and 4.5 x 10% se]/m3 respectively).
However, the surface water in the upper course of Lerma river
basin, just as Diaz-Delgado et al. (2014) pointed out, keeps a con-
centration closer to wastewaters. Because of that, the value of its
mean UEV ranges between the values found in literature for irri-
gation (1.47 x 1012 seJ/m3 by Chen et al.,, 2011) and wastewater
(2.86 x 10'2 seJ/m3 by Arias and Brown, 2009). In the case of the
groundwater, there is a few studies to compare its UEV, but the
groundwater UEV of the Valley of Toluca aquifer remains coherent
among the values from 3.25 x 10! to 1.3 x 1012 seJ/m3 estimated
by Buenfil (2001).

On the other hand, the UEV’s of water supply processes are
calculated mostly from the energy consumption in extraction and
treatment. Under this context, the informatics tool developed for
this study, has estimated the energy consumption as function
of both, the power to elevate a water flow rate from a certain
deep and the operational features of the wastewater treatment
plants. In regards of the scenarios CSC and TWAI, it was required
4.15 x 10'] to extract 8.93 x 107 m3 of water (1.29kWh/m?3), as
well as, 1.98 x 1013 ] for the treatment of 1.61 x 107 m3 of wastew-
ater (USD $0.038/m> since USD$0.11/kWh by Avila et al., 2005)
respectively.

The mean energy consumption of 2.10 x 101 m3 groundwater
extraction at national level in 2010 (CONAGUA, 2010a) was about
80% of 1.45 x 1014 ] of the consumed energy by the agricultural use
(SENER, 2012). Furthermore, state government and local author-
ities invested USD$6.6 million in the operation of 1.63 x 106 m3
wastewater treatment at the region (CONAGUA, 2010b). Therefore,
and due to the lack of measures, it is possible to accept the estimated
energy consumption in comparison with the published mean
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Fig. 13. Projection over time of increased energy usage due to aquifer depletion for
scenario TWAIU.

energy consumption for groundwater extraction (1.54 kWh/m?3)
and wastewater treatment (USD$ 0.04/m3).

7. Conclusions

The methodology presented in the current work has allowed
for the development of criteria and parameters to guide the supply
and allocation of water resources by means of geoinformatics tools.
These tools are oriented towards the integrated and sustainable
management of regions delimited by hydrological watersheds and
follow an emergy approach.

Three hydrogeomatic modules were developed for operating in
a geographic information system (GIS) environment using the Idrisi
package. Two of these tools were focused on facilitating the emergy
accounting for two of the water supply processes with the greatest
impact: extraction of groundwater and treatment of wastewater.
The third module is oriented towards evaluating the allocation of
water resources by means of three indicators: the water deficit, the
environmental sustainability index (ESI), and the economic impact
produced.

In contrast to conventional emergy accounting, the modules
developed for the water supply processes estimated the emergy of
the involved elements (water, infrastructure, energy, consumables,
etc.) as a function of the water volume allocated between the offer
and demand nodes. In this way, it was possible to estimate the unit
emergy values (UEV) for different conditions and volumetric flows
of water. For groundwater, the emergy associated with its extrac-
tion resulted in a non-linear function due to losses in the hydraulic
head that may be introduced at some point in the supply process. In
the case of wastewater treatment, it was necessary to separate the
involved components found in the literature in order to define the
UEV as a function of the type, capacity, and operational processes
of a wastewater treatment plant.

The spatial distribution of information by means of a GIS allowed
for demand nodes with critical deficits to be located, according
to the criteria of the evaluation module. This included the iden-
tification of strategic zones where changes in infrastructure may
be recommended. In this context, although the ESI estimated the
relationship between emergy yield stemming from the socioeco-
nomic sub-system and the generated environmental load, it does
not represent the satisfaction of the demand for water resources
(due to the fact that this factor communicates emergy flows emitted
rather than required). For this, the information provided by the ESI
is complemented by the determination of the water deficit, which
indicates the proportion of the demand that is satisfied. In addition,
the evaluation of emergy may be associated with the payment of
environmental services that reflects the true cost of delivering a
service (Brown et al., 2010), although in developing countries like
Mexico, there are still several barriers to surpass, including those
addressed in this manuscript. The economic impact, the proposed
indicator that determines the equivalent cost of the energy utilized
in supply processes, may be used as an indicator to transition from

the current management system (that solely translates benefits and
costs in monetary terms) towards a management system based on
concepts of ecological economics.

The developed modules generate databases that included, on a
monthly basis, the fundamental fields for an emergy table (input,
flow, emergy, type of emergy flow) and additionally, fields for the
coefficients that estimate the emergy and energy as a function of
the allocated water volume, the identifiers for supply and demand
nodes (for locating these geographically), and finally, the descrip-
tion of the supply source.

This one is a deterministic model which relies strongly on the
input data quality. It supposed to be limited on databases that have
approved quality tests. However, this informatics tool will allow
developing sensitivity analysis of the variables which the emergy
flow depends on, for instance the groundwater extraction depth,
pipelines diameter and capacity of wastewater treatment plant
among others. This way, the model could provide for later ver-
sions of the informatics tool a set of ranges in function of the more
sensible variables.

In the study area of the Upper Course of the Lerma River (UCLR),
four scenarios with distinct infrastructure for supplying water
resources were evaluated. In general, the overall fragility of the sys-
tem is evident across all of the evaluated scenarios, since the use of
renewable resources represents less than half of the total demand
for water resources. The scenario that provided the best ESI with
the least economic impact involved the recycling of water for all
uses, including domestic use with limitations, resulting in water
below drinking level quality (scenario TWAIU). However, up to 40%
of the current capacity of WWTP is directed towards demand nodes
that do not require drinking water quality (above all, agricultural
nodes). Although the treatment of water to drinking level qual-
ity by treatment plants enables its provision to a greater number
of nodes (in responding to an ever increasing demand), currently
and in terms of the environmental sustainability index and eco-
nomic impact, other objectives must also be addressed, including:
a) linking current WWTP to more agricultural nodes in order to use
100% of their capacity; b) implementing infrastructure for recycling
water, destined for toilet and garden uses in urban demand nodes;
and c) constructing WWTP in strategic zones of the sub-watersheds
with the greatest water deficits.

In addition to the proposed water management strategies, a
time frame was also established for when the emergy associ-
ated with extraction of groundwater would surpass that associated
with the implementation of water-recycling infrastructure, a phe-
nomenon resulting from decreasing groundwater levels over time.
However, a complementary study is recommended that would take
into consideration the following: a) the opportunity cost of treat-
ing certain volumes of water that are not exploited by any use and
b) the increase in water demand over time due to demographic
growth. An additional study could examine the difference between
the true economic impact of the energy utilized for supplying water
and the actual rate that is paid by users. For such a study, it would
be possible to determine where the greatest monetary deficit exists
and the geographical location of users whose consumption is likely
supported by subsidies, even if inadvertently.

Finally, emergy accounting as a function of the supplied volume
of water was utilized for the construction of an optimization model,
with the goal of minimizing the emergy flow required for satisfying
water demand. Furthermore, it is possible for an emergy accounting
to be focused on the services and products generated at demand
nodes, where an optimization model could replace the cost-benefit
analyses that are currently used to assess the management of water
resources.
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Appendices A-B. Attached databases and software section

Attached file provides 12 databases corresponding with three
hydrological regimes per each one of the four scenarios of infras-
tructure. Each database is comprised of 13 sheets: 12 corresponding
amonthly emergy table and one (called “EmergyAccount”) with the
annual summary.

The “EmergyAccount” sheet provides: a) monthly water supply
(m3) and UEV (seJ/m3), total supply (m?3/year), emergy (se]/year)
and annual average UEV (seJ/m3) per demand node; b) total (row
called “-1"), mean (row called “-2”) and standard deviation (row
called “-3”) of supply (m3/month) and UEV (se]/m?3) considering all
of the demand nodes.

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.ecoleng.2016.11.
034.
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