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ABSTRACT

Water reuse is an emerging and promising non-conventional water resource. Feasibility
studies are essential tools in the decision making process for the implementation of water
reuse projects. However, the methods used to assess economic feasibility tend to focus on
internal costs, while external impacts are relegated to unsubstantiated statements about the
advantages of water reuse. Using the concept of shadow prices for undesirable outputs of
water reclamation, the current study developed a theoretical methodology to assess internal
and external economic impacts. The proposed methodological approach is applied to 13
wastewater treatment plants in the Valencia region of Spain that reuse effluent for
environmental purposes. Internal benefit analyses indicated that only a proportion of projects
were economically viable, while when external benefits are incorporated all projects were
economically viable. In conclusion, the economic feasibility assessments of water reuse
projects should quantitatively evaluate economic, environmental and resource availability.

1 INTRODUCTION

Europe has witnessed growing levels of water stress, both in terms of scarcity and
deterioration of quality. This situation has prompted many municipalities to identify
more efficient uses of water resources, including more widespread acceptance of the use
of non-conventional water sources (Bixio et al. 2006). In this respect, water reuse has
emerged as the most viable alternative because it performs two key functions: (i)
increasing water supply, and so lessening the pressure on conventional natural
resources; and (ii) reducing pollution by discharging less wastewater into the
environment (Hochstart et al. 2007). These are the reasons for recognition of the
growing importance of water reuse in areas that are subject to harsh conditions with
respect to water stress and/or seasonal water demand (Salgot 2008; Miller, 2006; among
others).

Feasibility studies are essential tools in the decision making process for the
implementation of wastewater reuse projects (AQUAREC, 2006). The methods that are



F. Hernandez-Sancho, M. Molinos-Senante, R. Sala-Garrido

commonly applied in this area typically show significant bias towards the strictly
technical field. Fortunately, in recent decades there has been rapidly increasing
acknowledgement in the need to implement “sustainability” in wastewater management
(Lim et al. 2008). According to the concept of sustainable development, a water reuse
project must comply with environmental, socio-cultural and economic needs to be
deemed sustainable (Balkema et al. 2002; Muga and Mihelcic 2008).

Economic considerations are therefore of high importance when assessing the
potential of water reuse projects (Asano 1991, 1998, 2007). Furthermore, the Water
Framework Directive (WFD) assigns significance to economic analysis to achieve
suitable water resource management. However, economic feasibility of research on
wastewater regeneration and reuse remains the least studied component. In part, this is
because internal and external economic impacts of environmental based projects should
be identified and quantified when analyzing economic feasibility, such as for water
reuse (Molinos-Senante et al., 2010). While internal impacts may be easily translated
into monetary units, external effects (or externalities) are not considered by the market,
thus requiring economic valuation methods for their quantification. As a result, a series
of statements about the advantages of wastewater regeneration and reuse are often
presented, without supporting economic quantification Consequently, the true benefits
and costs of many projects are not properly evaluated (Segui 2004).

Nevertheless, there is growing interest in the monetary valuation of these
externalities. For example, the cost-benefit analysis (CBA) of Godfrey et al. (2009) with
respect to a system of greywater reuse in India. The monetary values of external
benefits and costs, in terms of the environment and health, were derived by using
scientific references (North and Griffin, 1993; Hanley and Spash, 1993; Field, 1997;
Curry and Weiss, 1993; Hutton and Haller, 2004). The authors used conventional
economic methods, such as hedonic valuation and contingent valuation. In comparison,
Segui et al. (2009) used travel costs to determine the environmental benefits arising
from wastewater reuse for a wetland restoration project. Furthermore, Chen and Wang
(2009) proposed a net benefit value model for cost-benefit evaluation of water reuse
projects in a residential area of China. The benefits relating to the environment were
calculated by applying a mathematical equation developed by the Chinese Ministry of
Environmental Protection.

The concept of directional distance function has been suggested (Fare et al. 1993;
Fare and Grossskopf, 1998; Fare et al. 2001, and Fare et al. 2006) as an alternative to
conventional methods of economic valuation (e.g. hedonic prices, contingent valuation,
travel cost) This concept aims to calculate shadow price value of undesirable outputs
arising from productive activities that have no market value. This method is derived
from a “costs production perspective”, which contrasts to the usual methods that are
linked to a “demand perspective” (Diaz and Romero, 2008).

With the aim to integrate economic and environmental aspects in the design and
implementation of wastewater reuse projects, the current study presents a method to
assess the economic feasibility of water reuse projects taking both internal and external
impacts into consideration. This was achieved by using the concept of shadow prices of
undesirable outputs arising from the water regeneration process. The proposed
methodological approach is subsequently used to assess the economic feasibility of
various wastewater reuse projects for environmental purposes in the Valencia region on
the Mediterranean coast of Spain.
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2 METHODOLOGY FOR ASSESSING THE FEASIBILITY OF WATER REUSE PROJECTS

Economic feasibility studies of wastewater reuse projects should be completed by
using conventional methodologies of economic analysis, such as cost-benefit analysis
(CBA) (van der Bruggen et al. 2009). According to Segui (2004) and Hernandez et al.
(2006), total benefit is calculated by considering internal benefit, external benefit, and
opportunity cost, as shown in Equation (1).

Br =B, +B -0OC Q)

where BT is the total benefit (total income minus total costs); Bl is the internal
benefit (internal income minus internal costs); BE is the external benefit (positive
externalities minus negative externalities); and OC is the opportunity cost. CBA
originates from the premise that a project is only economically feasible if all incomes
exceed the aggregate costs. In other words, according to Equation (1) if the BT > 0,
whereby the best option offers the highest total benefit.

2.1 Internal benefit

Internal impacts are directly linked with the process of wastewater regeneration, and
subsequent reuse. The internal benefit represents the difference between internal income
and internal costs. Internal income includes revenues from the sale of regenerated water
and other recovered sub-products. If reclaimed water is used in agriculture, the nitrogen
and phosphorus content in water offer a saving in fertilizer costs. Alternatively, if
reclaimed water is intended for environmental purposes, these nutrients may be
recovered during wastewater treatment and subsequently sold for other uses. Internal
costs are the result of the sum of investment costs, operating and maintenance costs,
financial costs, and taxes of both the wastewater treatment plant WWTP and
distribution network of the regenerated water. Internal benefit is expressed as:

;
B, = X [(AVW, *SPW, )+ (ACP, *SPP,) + (ACN, *SPN,) - (IC, +OMC, + FC, +T)]  (2)
t=0

where Bl = internal benefit (€); AVW = annual volume of reclaimed wastewater
(m3); SPW = selling price of reclaimed wastewater (€/m3); ACP = annual volume of
recovered phosphorus (kg); SPP = selling price of recovered phosphorus (€/kg); ACN =
annual volume of recovered nitrogen (kg); SPN = selling price of recovered nitrogen
(€/kg); IC = investment costs (€); OMC = operational and maintenance costs (€); FC =
financial costs (€);T = taxes (€); and t = year.

All the items considered in Equation (2) should be expressed as present monetary
values. Therefore, it is necessary to apply the discount rate “d” to each term that allows
the inflation rate and other risks to be compensated.

2.2 External benefit

Externalities are costs or benefits that occur when the actions of firms and
individuals have an effect on people other themselves without economic compensation.
Water recycling projects create a number of externalities, such as biological and
chemical risks, health benefits, education services, and especially environmental
benefits. The U.S. Environmental Protection Agency (EPA) argues that the use of
reclaimed water provides the following environmental benefits (EPA, 1998): (i) may
decrease the diversion of freshwater from sensitive ecosystems, (ii) decreases discharge
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to sensitive water bodies, (iii) recycled water may be used to create or enhance wetlands
and riparian habitats, and (iv) may reduce and prevent pollution.

According to Equation 1, an economic feasibility study of wastewater reuse projects
requires the consideration and quantification of internal and external impacts. The

external benefit is expressed as:
T

Be = 2.(PE, - NE,) 3)

where BE = external benefit (€); PE = positive externalities (€); NE = negative
externalities (€); and t = year.

Both positive and negative externalities should be expressed as present monetary
values. Hence, the discount rate “d”, should be applied to each of the two terms.

The estimation of external impacts is the main obstacle during economic feasibility
studies of wastewater reuse projects due to there being no market for this type of goods
in most cases. Thus, decisions regarding wastewater reuse are generally based on the
financial costs of the project, without consideration being given to non-monetary
impacts, such as environmental protection.

The quantification of shadow prices for the undesirable outputs obtained during the
productive process provides an alternative method for the valuation of externalities.
According to Herndndez-Sancho et al., (2010) and Molinos-Senante et al. (2010),
wastewater treatment may be considered as a production process, in which a desirable
output (clean water) is obtained together with a series of pollutants. The contaminants
extracted from wastewater are considered undesirable outputs because their
uncontrolled disposal would cause negative impacts on the environment. The shadow
price valuation methodology is based on the concept of the directional distance
function. This function measures the difference between the outputs produced in the
process that is under study and the outputs of the more efficient process. Inputs are
denoted by X = (X1,..., Xn) e« R", desirable outputs by y = (yi,..., ym) ¢ RM and
undesirable outputs by b = (by,..., b;) <R’ Let g = (gy, gb) be a directional vector and
assume g # 0. The directional distance function is defined as:

Dy (x, y,b;9y,95) = Max{p: (y+pg,b-pgy) € P(x) } (4)

The distance function provides the maximum expansion of desirable outputs and the
maximum contraction of undesirable outputs that is feasible given the technology.
Directional distance function parameterization is carried out with a quadratic form
(Chambers, 1998). Hence, unlike the translog function, it may be restricted to satisfy the
translation property. Given the directional vector g = (1,1) and assuming k = 1,..., K
treatment plants operating in t = 1,...,T periods, the quadratic directional distance
function for WWTP K in period t is:

N M J 1N
D(t,(Xﬁ, Yiobill) =a+ ZanXEk + 2 Bk + Zyjbﬁk +§
m=1 j=1

N t ot
zan nXnk Xn'k
1
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1M M 13 3 N M - N J . (5)
+= Z Zﬁm mYmYm: +7Z Zij'bjbj' +Z Z§n mXnk Ymk + Zznnjxnkbjk
2 m=1m=1 2 aja n=im=1 n=1j=1

M J
+2 Z:umj YIt'nkbEk
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For parameter estimation, the sum of the distance between the production frontier
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and individual observations for each period should be minimized. This may be
expressed as:

Min=3 5[(Di(x,y: bia1)-0]
t=1 k=1
st.:

(i) DY,y >0k =1..,K,t=1..T,
ARt t t t.
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e (6)
(iify Do Yo Bl g M kSt K t=1 T,

905 (X, Vi, L)

iV >0,n=1,...,N,
(iv) p

M J M J
W) Xy~ L7, =L 3 s — Ty =0 =1 M;

m= j= m= iz
J M . Mo J
‘Z}/jjvfz,umj:O;J:l ..... J;Zanm—znnjzo;nzl ..... N;
j=1 m=1 m=1 j=1
(V1) oy = e B = BremM =M 75 =730 ] # T

The deduction of shadow prices for undesirable outputs means assuming that the
shadow price of an absolute desirable output coincides with market price. If y is a
desirable output with market price p and is equal to its shadow price pn,, and if b is each
of the undesirable outputs, and q;, is the shadow price of each undesirable output, the
absolute shadow prices are represented by:

oDy (X, Y,b;
o o(Xy %bj -
I T oDy (%, y,b; 9)

A7

2.3 Opportunity costs

The opportunity cost is defined as the value of goods in terms of the alternative use
of these goods being lost. Therefore, the opportunity cost will be given by the specific
use that provides the greatest economic efficiency. In water reuse projects, the
opportunity cost generally refers to land on which the WWTP is placed. Usually this
land is not of great value, but there may be situations where alternative uses may have
generated significant incomes.

Opportunity cost should also be expressed in the present value. Thus, the discount
rate “d”, which was defined previously, should be applied. By replacing the Equations
(2) and (3) in the initially proposed general Equation (1), the following expression is
obtained:

T {(Ath *SPW, ) + (ACP, * SPP,) + (ACN, *SPNt)} @®

MaxB; =
T g‘,—(ICt+OMCt+FCt+Tt)+(PEt—NEt)—OCt

3 CASE STUDY: WATER REUSE PROJECTS IN THE VALENCIA REGION

The theoretical methodology is implemented using several water reuse projects
located in the Valencia region. The regional authority responsible for the construction
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and operation management of sewerage networks and WWTPs is the “Entidad Publica
de Saneamiento de Aguas Residuales de la Comunidad Valenciana (EPSAR)”. Water
demand in the study region is about 3,700 hm3/year, while water supply is 3,350
hm3/year. This information implies that there is a water deficit of 350 hm3/year.
Therefore, the reuse of reclaimed water is emerging as a key alternative water resource
to secure adequate water supplies. Today, 61.4% (i.e. 308.8 hm3/year) of the total
treated water in the Valencia region is reused for agricultural, industrial and
environmental purposes.

According to the Spanish Royal Decree 1620/2007, reclaimed water should meet
different quality criteria based on destination and use. Thus, the type of treatment
required to achieve this quality is also different. Consequently, there are three major
treatment types for wastewater regeneration in the Valencia region. The first type
comprises secondary treatment, which is accomplished by biological process and
sedimentation, allowing the removal of organic material. The second type comprises
tertiary treatment, which permits the removal of specific contaminants not normally
removed during conventional secondary treatments, such are nutrients. The third type
comprises advanced treatment, which includes filtration processes, such as
microfiltration or reverse osmosis to reduce salt content of regenerated water. In the
study region, 44% of reused water (135.9 hm®year) is regenerated by secondary
treatment, 49% (151.3 hm?®/year) by tertiary treatment, and 7% (21.6 hm®year) by
advanced treatment (EPSAR, 2009). This study analyses the economic feasibility of 13
of the 35 WWTPs that reuse water for environmental purposes in the Valencia region,
with total reused water flow rates of approximate 50 hm®/year. This sample was selected
due to the valuation methodology of shadow prices requiring the sample data to be as
homogeneous as possible, with respect to both the technology used for water
regeneration and in the treatment capacity of the plant. All of the 13 selected WWTPs
carry out a similar process to obtain a desirable output (regenerated water) and four
undesirable outputs: suspended solids (SS); nitrogen (N); phosphorus (P); and organic
matter measured as chemical oxygen demand (COD). The required inputs are energy,
staff, reagents, waste management, and others. These variables are detailed in Table 1.
The statistical information is obtained from EPSAR for the year 20009.

Table 1. Sample description

Mean for 35 | Mean for 13 | Std. dev. for | Std. dev. for

WWTPs WWTPs 35WWTPs | 13 WWTPs
Energy 0.054 0.072 0.037 0.021
Staff 0.086 0.075 0.049 0.040
'(gf’m“§; Reagents 0.038 0.030 0.029 0.019
Waste 0.046 0.025 0.038 0.011
Others 0.011 0.008 0.008 0.006

Deswa?le Output | Wastewater 4,203312 3.166.290 3,192,313 2 400,849
(m°lyear) treated

Undesirable SS 0.297 0.380 0.239 0.216
Outputs N 0.025 0.028 0.012 0.007
(kg/m®) P 0.004 0.006 0.003 0.003
COD 0.678 0.667 0.387 0.313
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4 RESULTS AND DISCUSSION

4.1 Internal benefit

Based on the methodology described in section 2, internal benefit is the difference
between internal income and internal cost. In the study region, the WWTPs simply
remove nitrogen and phosphorus from wastewater, with no technology in place for their
recovery and reuse. As a result, the term internal income only includes the revenues
earned from the sale of regenerated water. According to Hernandez-Sancho et al.
(2010), and as reported by the Spanish wastewater authorities, the reference price of
reclaimed water for environmental purposes is 0.9 €/m*.Table 2 shows the internal
income and internal costs (as the sum of investment, operation and maintenance, and
financial costs) associated to each of the 13 studied water reuse projects. In order to
express all items in present value, it has been assumed that the amortization period is 20
years, interest rate is 6% and discount rate is 3.5%.

Table 2. Internal income and internal costs for each WWTP.

Internal

Internal Costs Internal Benefit
Income
Income Investment O&M Financial Internal Internal
WWTP costs Costs costs benefit benefit
(€lyear)

(€lyear) (€lyear) (€lyear) (Elyear) (E/m®)

1 7,629,084 3,440,184 | 2,066,565 | 123,994 | 1,998,341 0.236
2 6,448,455 1,628,504 | 2,707,417 | 162,445 | 1,950,090 0.272
3 4,689,995 768,051 1,375,393 | 123,785 | 2,422,765 0.465
4 2,466,050 674,970 605,816 36,349 1,148,915 0.419
5 2,647,053 1,523,003 | 1,196,514 | 71,791 -144,255 -0.049
6 2,432,871 752,353 878,997 52,740 748,781 0.277
7 1,236,146 354,223 979,201 78,336 -175,615 -0.128
8 1,488,105 316,009 663,456 39,807 468,834 0.284
9 853,443 439,981 512,408 30,744 -129,690 -0.137

10 2,692,386 363,170 787,558 63,005 1,478,653 0.494

11 2,763,014 373,445 896,428 53,786 1,439,355 0.469

12 513,559 228,326 626,165 37,570 -378,502 -0.373

13 785,444 83,295 291,476 5,830 404,843 0.464

MEAN | 2,318,892 821,962 996,184 57,706 764,040 0.198

By considering the internal income and internal costs, internal benefit resulting from
wastewater reuse is calculated in €/year and €/m*. According to Table 2, if we only
consider internal impacts, some water reuse projects are not economically viable since
the internal benefit obtained is negative. Also, it may be observed that the internal
benefit expressed as €/m’ obtained for the different water reuse projects is highly
variable, since the minimum value is -0.373 €/m®, while the maximum value is 0.474
€/m°. The weighted average, depending on the volume of water reused, is 0.198 €/m°.
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4.2 External benefit

In order to quantify the environmental benefits derived from water reuse projects,
the methodology described in section 2.3 was applied for the entire sample of 35
WWTPs. However, the results obtained for the 13 WWTPs are analysed here, due to
their having been selected according the criterion of homogeneity. The shadow price
value, expressed in €/kg, is shown in Table 3. It is shown that the greatest
environmental benefit for all the 13 plants studied here, is associated with phosphorus
removal followed by nitrogen.

Table 3. Shadow prices for pollutants (€/kg).

WWTP SS N P COoD
1 -0.010 -10.473 | -62.840 | -0.062
2 -0.001 -1.500 -9.000 -0.007
3 -0.008 -38.840 | -45.826 | -0.243
4 -0.002 -1.500 -2.166 -0.007
5 -0.059 -59.104 | -70.792 | -0.360
6 -0.004 -61.267 | -367.602 | -0.534
7 -0.001 -1.500 -3.519 -0.012
8 -0.007 -35.126 | -42.126 | -0.192
9 -0.003 -10.810 | -28.579 | -0.403
10 -0.010 -21.705 | -130.227 | -0.152
11 -0.016 -73.904 | -167.671 | -0.238
12 -0.006 -55.209 | -63.809 | -0.235
13 -0.007 -56.693 | -78.794 | -0.242
MEAN | -0.010 -35.188 | -82.535 | -0.207

Once the shadow prices of pollutants are quantified in €/kg, and the amount of
pollutants removed per year and per cubic meter of reclaimed water is known, the
monetary value of the environmental benefit of wastewater reuse in €/year and €/m® is
directly obtained (Table 4). The results are expressed as present monetary values, using
a discount rate of 3.5%.

Table 4. Environmental benefits of water reuse.

5 SS N P COD OVERALL OVERALL
(€lyear) (€lyear) (€lyear) (€lyear) (€lyear) (E/m°)
1 30,015 2,180,418 3,803,303 417,185 6,430,921 0.759
2 5,574 258,476 599,706 82,298 946,054 0.132
3 13,854 10,400,542 1,631,024 592,995 12,638,415 2.425
4 1,628 216,930 41,181 12,341 272,081 0.099
5 28,097 2,195,534 480,968 452,122 3,156,721 1.073
6 9,261 862,861 1,460,736 1,386,821 3,719,680 1.376
7 452 130,990 62,541 13,648 207,631 0.151
8 3,749 1,357,902 275,827 166,866 1,804,343 1.091
9 1,229 290,203 322,222 420,165 1,033,818 1.090
10 7,011 2,199,178 1,694,672 236,637 4,137,498 1.383
11 5,050 2,268,857 947,142 78,713 3,299,762 1.075
12 683 1,002,670 115,938 29,014 1,148,305 1.131
13 1,003 1,798,480 352,076 51,808 2,203,367 2.525
MEAN 8,277 1,935,618 906,718 303,125 3,153,738 1.022
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On average, the greatest environmental benefit is associated with nitrogen removal,
which represents nearly 60% of the total benefit. Phosphorus follows in importance,
with a percentage weight of 28%. These results reflect the fact that these pollutants have
the highest shadow prices (see Table 3). The total environmental benefit derived from
wastewater reuse projects varies greatly between the different plants; the minimum
value being 0.132 €/m? while the maximum is 2.525 €/m®. The weighted average,
depending on the volume of wastewater treated, is 1.022 €/m®.

Once both internal and external benefits have been identified and quantified, we may
calculate the total benefit associated with wastewater reuse for each WWTP in the
current study.

4.3 Total benefit

In this section, total benefit is calculated by the sum of the internal and external
benefits for each water reuse project of the study sample.

Table 5. Internal, external and total benefit derived from water reuse projects.

Internal | External | Internal | External Total Total
WWTP | Benefit Benefit Benefit | Benefit Benefit | Benefit
(Elyear) | (Elyear) | (E/m®) | (€/m®) | (Elyear) | (E/m°)

1 1,998,341 | 6,430,921 | 0.236 0.759 | 8,429,262 | 0.995
2 1,950,090 | 946,054 0.272 0.132 | 2,896,144 | 0.404
3 2,422,765 | 12,638,415 | 0.465 2.425 15,061,180 | 2.890
4 1,148,915 | 272,081 0.419 0.099 | 1,420,996 | 0.518
5 -144,255 | 3,156,721 | -0.049 1.073 | 3,012,466 | 1.024
6 748,781 | 3,719,680 | 0.277 1.376 | 4,468,461 | 1.653
7 -175,615 | 207,631 -0.128 0.151 32,016 0.023
8 468,834 | 1,804,343 | 0.284 1.091 | 2,273,177 | 1.375
9 -129,690 | 1,033,818 | -0.137 1.090 904,128 | 0.953

10 1,478,653 | 4,137,498 | 0.494 1.383 | 5,616,151 | 1.877
11 1,439,355 | 3,299,762 | 0.469 1.075 | 4,739,117 | 1.544
12 -378,502 | 1,148,305 | -0.373 1.131 769,803 | 0.758
13 404,843 | 2,203,367 | 0.464 2.525 | 2,608,210 | 2.989
MEAN | 764,040 | 3,153,738 | 0.198 1.022 | 3,917,778 | 1.220

Table 5 shows that if the economic feasibility study is based on internal benefits
(internal incomes and internal costs), not all water reuse projects are feasible because a
negative value is obtained for some. However, by following the proposed methodology,
when external benefit is taken into consideration, water reuse is feasible for all projects
in the current study since the results obtained are positive. In this respect, the total
benefit derived from water reuse varies greatly between the different projects under
consideration. For example, the minimum value is 0.023 €/m® while the maximum value
is 2.989 €/m>. The weighted average, depending on the volume of water reused, is 1.220
€/m®. On the other hand, the total benefit expressed in €/year enables us to obtain an
indicator of the economic feasibility of a proposed water reuse project, considering not
only internal impacts but also environmental externalities.
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5 CoNcLUSIONS

Due to the importance that WFD assigns to the economic analysis to achieve a
suitable water resource management, feasibility studies are essential for assessing the
potential of water reuse projects. Usually, such studies are focused on internal impacts
without consideration being given to non-monetary benefits derived from water reuse,
such as environmental protection.

The current study presents a cost-benefit analysis of water reuse projects for
environmental purposes with an economic valuation of environmental externalities. The
results show that the greatest environmental benefit is the prevention of nitrogen and
phosphorus discharge, since these nutrients are primarily responsible for problems of
eutrophication in inland water bodies. The analysis of water reuse with respect to just
the internal benefit, indicates that some plants are not economically viable. However, if
the external benefit of these projects is also incorporated, the economic feasibility
analysis provided positive results for all water reuse projects in the current study.

As a general conclusion, we emphasize that when the economic feasibility of a water
reuse project is assessed, water management authorities and companies should not only
consider the benefits of market value, because the development of such projects may
also be justified by other reasons, such as environmental benefits or the increase in the
availability of a scarce resource. Hence, for the objective evaluation of water-reuse
projects, economic feasibility studies should incorporate all parameters including
economic, environmental and resource availability.
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