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Estimating Shadow Prices of Wastewater Pollutants
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Abstract

The study aims to estimate shadow prices of emviemtal pollutants in
wastewater which can under the assumption of optolution levels be inter-
preted as environmental benefits gained from tbatinent process. A direction-
al output distance function model uses a sampl&7oimedium-sized Slovak
wastewater treatment plants to estimate the shagloees for nitrogen, phos-
phorus, suspended solids and chemical oxygen denfamdl estimated value
represents the costs avoided through undischargdidtipn. Obtained shadow
prices can be used in the future cost-benefitsyaesl of wastewater treatment
investment projects.

Keywords: distance function, economic valuation, environmiertanefits,
shadow prices, undesirable outputs, wastewatetrmeat

JEL Classification: Q51

Introduction

According to the Slovak water legislation, wastewras defined as any water
of altered quality, e.g. containing pollutants dffedting in temperature. Urban
wastewater under this analysis is collected in sesystems from households,
commercial facilities, some industries and insigiog and is then transferred into
the wastewater treatment plant. In the seweragermythe wastewater flow is
mixed with the surface runoff and rainwater anchttreated.
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The removed pollution consists mainly of organiatenials and nutrients,
inorganic compounds and hazardous substances f @iabwastewater volume,
only 0.01% of substances needs to be removed.

A part of the wastewater released to the surfaaens is despite a decline
in volume still untreated and has a negative emvivental impact. Further-
more, as the figure is self-reported by the poiitéhe proportion of the un-
treated water could be even higher. To decreasainitreated portion, more
wastewater treatment plants are being incorporattedthe system every year
(Water Research Institute, 2017) while at the stime the wastewater is be-
coming less and less polluted. Between 1995 an®,2 number of pollu-
tants released to the surface waters through effldecreased by almost 80%,
due to more modern wastewater treatment plantsneaom@ efficient purifica-
tion processes (Slovak environment agency, 201%)edisas due to the decline
in industrial production.

Removal of pollutants from wastewater has sevieditect positive effects.
First of all, the improved access to drinking wadiears health benefits such as
reducing the number of people affected by wateateel diseases and reducing
deaths (United Nations Environmental Program, 20R®duction of patho-
gens and pollutants in the water cycle decreaseaumber of people affected
by water-borne diseases such as diarrhoea, chalgsentery, typhoid, and
polio. Secondly, through using by-products of tfeatment process additional
economic profits could be created (United NationerM/ Water Assessment
Programme, 2017).

The environmental benefits include safer and nsiedle aquatic ecosys-
tems, lower pressures on the environment causechegnical fertilizers and
reduced amount of wastewater pollutants being sel@anto the nature. The
wastewater treatment might also provide a sustérsdiution to water scarci-
ty problem (Garcia and Pargament, 2015). Nutriestigh as nitrogen, phos-
phorus or potassium when released to surface wederse eutrophication and
excess plant growth. They are connected to thefgeratlion of algal blooms
and an undesirable disturbance to the species ctiggonand quantity in the
water (European Environment Agency, 2012).

The risk of eutrophication is still widespread@ss Europe, even though it
is expected to decline in the future (European Emient Agency, 2016).
Freshwater ecosystems are important for globalibéssity and provide essen-
tial ecosystem services, but are vulnerable to gésnn the environment
(Angeler et al., 2014). Release of wastewater chartge quality of surface
water and the wastewater treatment, therefore shtelpnaintain the ecosystem
equilibrium.
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This paper focuses on the environmental benefitg which represent a share
of the total economic value of wastewater treatmsimce the economic value of
wastewater treatment is not revealed through mankegs, we aim to estimate
the shadow prices of individual pollutants ande¢hgironmental benefits of their
removal. Valuation of these non-marketed benefitagcessary to design effi-
cient environmental policies and to provide an ¢athr of cost effectiveness
to the benefits side of the projects. The benefés be estimated by various
methods. Among the most common ones are measur@esitingness-to-pay
through stated (Hill, 1994) or revealed prefere(ellier et al., 2012) methods
or estimation of health benefits through the addleality-adjusted life years or
potential lifetime earnings (Bradley et al., 2008).

The methodology applied in this paper is basetherestimation of shadow
prices for the pollutants removed in the procesgadtment. Since pollutants
removed would cause environmental harm, the shauive of the pollutant
represents the environmental damage avoided dtleetprocess of treatment.
Under the assumption of equal marginal costs amefiie, the shadow prices
can be interpreted as environmental benefits gaiReslious studies estimated
shadow prices of emerging pollutants (Bellver-DogainFuentes and Hernan-
dez-Sancho, 2017), a shadow price for,@©m wastewater treatment (Moli-
nos-Senante, Hanley and Sala-Garrido, 2015) orndash price for the effluent
pollution being released to sensitive areas (Belemingo and Hernandez-
-Sancho, 2018). The model approach in this studipvis studies by Fare
(Fare et al., 2002) and Molinos-Senante (MolinoseBte, Hernandez-Sancho
and Sala-Garrido, 2011). Methodology used for tkkenemic valuation is
based on the estimation of shadow prices for tHaugamts removed in the
treatment process. Total estimated value represkatsosts avoided through
undischarged pollution.

1. Methods

The estimation of shadow price takes into acctlmtrevenue function and
directional output distance function of the wastewdreatment plants within
our sample. The plant aims to maximize its revefumetion through maximi-
zation of the amount of treated water and minindrabf the undesirable out-
puts while costs are fixed. The value of distanoefion for each plant reflects
its efficiency in terms of maximizing the revenusmétion. The shadow price
is then calculated using the effectivity, referemrece of the treated water
and amounts of desirable and undesirable outputs. sShadow price can be
interpreted (Zhou, Zhou and Fan, 2014) as the dppity cost of abating one
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additional unit of undesirable output in terms loé toss of desirable output.
Assuming that the current pollution levels are mgati, marginal cost equals
marginal benefit, and therefore the shadow pridethe undesirable outputs
can be interpreted as an estimation of the envieotiat benefits gained from
the treatment process.

Pricing model is based on the directional outpstasice function that seeks
to reduce undesirable outputs and maximize desirabtputs simultaneously,
using given inputs. In this particular applicatiche process of wastewater
treatment produces only one desirable output widcthe treated water, and
4 undesirable outputsiitrogen (N), phosphorugP), suspended solidSS and
chemical oxygen deman{@OD). The inputs needed to carry out the treatmen
areenergy, staff, reagents anghintenancendothers.

The directional output distance function represéhe technology and bears
axiomatic assumptions with properties of the ougaiP(x) (Fare et al., 2002).
Output set denotes the set of desirable and urdhdsioutputs that can be pro-
duced from the input vector x and is defined as (1)

P(x) ={( y,b :xcan producé yl)} (1)
The directional output distance function is foripalefined as (2):
D(xybig ~g)=mafB ( w8 *g A *g) 0 B} @

i.e., it is the largest feasible value of the pectgn of (y, b) onto the boundary
of P(x) in the directiong, wherey is desirable and is undesirable output. In
other words, the valug provides maximum expansion of desirable outputs an
reduction of pollutants if a firm operates effidigngiven the directional vector
0. The vectorg = (g,, — dy) specifies the direction in which an output vector
(y, b)is projected onto the frontier or boundary of amtsetat the point

(y + 49y, b - *gp) € P(X).

Figure 1 provides an illustration of the case ¢ desirable outpytand one
undesirable outpud. In our estimation of the distance function wegset(1, -1),
which is consistent with the environmental regolasi for the generating units,
which requires reduction in bad outputs. Anothesson for this choice of direc-
tional vector is aggregation. The aggregate efiicyeis the sum over the indi-
vidual unit’s efficiencies (Féare et al., 2002).

The directional output distance function takesvihkeie of zero for technically
efficient output vectors on the frontier, while fibe values imply inefficiency.
The higher the value, the more inefficient the atitpector and the respective
firmis.
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Figure 1
The Directional Output Distance Function
Yy
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Source:Own elaboration.

The function can be specified in several functidoans. For the purpose of
this analysis, we have chosen the parametric gtiadtactional form, which
satisfies required properties (Féare et al., 208Pplied to our case the formula
(3) is:

D(x,y* b 1-1)
=a0
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where
X — the input,

y — the desirable output,

b — the undesirable output,

k — the number of units of wastewater treatmenttpla
| —the number of undesirable outputs,

n — the number of inputs.

We estimate the parameters of the distance funttyosolving the following
minimization problem (4):
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objective function minimizes the sum of deviatiarfsthe estimated distance
functions for every unit from the efficient valué zero, i.e. their frontier. Con-
straint set ensures assumptions are fulfilled. dleesthe minimization problem
we used GAMS software with the CPLEX solver.

Using the values of directional output distancecfion we can estimate the
marginal abatement costs for each pollutant pert{léére et al., 2002). As we
consider the costs to be fixed, each plant canmiagiits revenue, but not profit.
The revenue function of a plant (5) may be deragsdollows:

R(x,p,9= rera{< py ao:b x,y,b;—l)zq (5)

where
p, — the price of the desirable outpuit,
g - the vector of prices of undesirable outputs.

The condition for the distance function ensuresitelity, i.e. 100% efficiency
cannot be exceeded. In our cgsds the price of treated water which is market-
able and the pricq is a vector of shadow prices of the five pollusarorming
the Lagrangian form of revenue function and taking first order conditions
yields to find shadow prices. Assuming that thegwof the desirable output, the
treated water, is known and coincides with its siagrice, the absolute shadow
prices of undesirable outputs are given by (6):

oD (x,y,b1-1) /b

J=1,.. 4 6
D aD(x,y,b1-1) /ay (©)

q=-

The minus sign in the equation ensures shadovegace negative to reflect
the environmental damage avoided during the trestp®cess.
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Using our parametrization of distance function #ugiation of the shadow
prices for each pollutant for every plant becom®s (

4 4

9 =-p d +Z|'=1y"' +Zn:16nl X‘k tA y

I y 4 4 ’
ﬁ1+ﬁ2yk +Zn=1’u”)¢ +Z|=f0'bk

=1...,4,k=1,.. 6C (7)

2. Data

The sample used in this analysis consists of Stemater treatment plants in
the Slovak republic (described in Table 1). All thlents use secondary treat-
ment to remove nitrogen and phosphorus from thdemager. Statistical infor-
mation by each plant has been limited to the y&€di62and might differ over
a longer period of time. We considered medium-sigkahts with the volume
of wastewater treated varying between 1 and 12amili®® per year. Since we
experienced convergence problems of our model dufe numerical size of
outputs and inputs, we normalized the data by digi@éach output and input by
its mean value before estimating the model (Faed. €2002).

Table 1
Description of the Sample
Mean Standard Min Max
deviation
Energy X1 139 810 101 309 51 597 639 042
Staff % 189 894 88 897 62 886 503 896
Inputs (€/year) Reagents X3 113 694 111 957 4207 554 145
maintenance
Others % 526 725 415 946 38 236 2 252 756
Desirable output | Treatedwater | y | 2851831 229316 944685  123P83
(m°/year)
Nitrogen h 90 718 91574 14 997 539 452,
Undesirable outputs| Phosphorus b 16 421 19 492 347 85 710
(kglyear) Ss b 647 201 809 349 123 074 4806 722
CoD b 1254 598 1464 031 52 200 9870 639

Source:Own elaboration based on water management companies

3. Model Results

The estimates of parameters of directional outjistance function are pro-
vided in the Annex 1. The values of the distangefions give us the estimates
of technical inefficiency for each plant (Annex Zhe value of inefficiency does
not give any information on the economic manageroéttie plant. The plant is
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not able to decide about the amount of pollutah#t bccur in the incoming
water and has to reach a certain treatment levaldget the limits of pollutants
in the released water.

The mean of estimated value of the directionapautistance function is
0.109, which means that at the fixed costs the amoltreated water could be
on average expanded by 309 999par year and the amount of all pollutants
could be contracted by 218 375 kg per year simatiasly. It implies quite high
level of efficiency of wastewater treatment plantthin the sample.

Table 2 shows the average shadow prices of fodesirable outputs. We
have to inflate the ratio of derivatives of distarianction by multiplying by the
mean value of y to mean value of b to get origtiedensions of data. For the
calculation of these shadow prices the referena dor the desirable output
needs to be assigned. Reference price of the dreatter in the amount of 0.991
euros per cubic meter was provided by the Slovgklagion authority. A single
value is used for all the treatment plants, sim@edestination of the effluent is
the same for all of them.

It can be seen that the main environmental benefitreatment are the elimi-
nation of phosphorus and nitrogenyhich is in line with the previous studies
(Molinos-Senante, Hernandez-Sancho and Sala-Gagdd; Molinos-Senante,
Herndndez-Sancho and Sala-Garrido; 2011; Chamh®@8). For the shadow
price ofthe chemical oxygen dematite obtained value is much lower which
may be because water bodies have a certain capaasff-purify this pollutant
(Molinos-Senante, Hernandez-Sancho and Sala-Gagtidd).

Table 2
Average Shadow Prices for the Undesirable Outputs Pollutants (€/kg)

Shadow prices for undesirable outputs (€/kg)

Reference price of water (€n N P SS COD
0.991 -31.942 -82.433 -10.706 -2.277

Source:Own elaboration.

We have compared our results with previous stud@slucted on waste-
water treatment plants located in the Spanish regiovValencia using data for
different years and different samples of plants I{Ms-Senante, Hernandez-
Sancho and Sala-Garrido, 2010; Molinos-Senantenatelez-Sancho and Sala-
-Garrido, 2011; Chambers, 1998). The study by MuaiSenante (Molinos-
-Senante, Herndndez-Sancho and Sala-Garrido, 265ED) the same 4 pollu-
tants and directional distance function parameaéion with a quadratic form
as our study. We obtained similar results for thedew price ohitrogenand
phosphorus
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However, results for the shadow price safspended solidand chemical
oxygen demandre much higher. These differences may arise trersignifi-
cant differences in outputs between Slovak and iSpareatment plants. Com-
paring values of outputsitrogen and phosphorusare similar, but values for
suspended solidendchemical oxygen demaide half the values in the previous
study. The removal o$uspended solidand chemical oxygen demand the
treatment process is more expensive in Slovakia tdudifferent volumes of
these pollutants.

Comparing the results of other Spanish studies Hernandez-Sancho
(Hernandez-Sancho, Molinos-Senante and Sala-Gar@@d0) and Molinos-
-Senante (Molinos-Senante, Hernandez-Sancho analGzatido, 2010) the
estimated shadow prices for nitrogen and phosphargdower in our model,
while SS and COD are much higher. Even though teemvalues of pollutants
are similar across all three Spanish studies, ¢kalts of shadow prices differ
significantly. The reason for inconsistency in tesgan be a different form of
distance function used in studies. We consideredptrametric quadratic func-
tional form of distance function, while Herndndemgho (Hernandez-Sancho,
Molinos-Senante and Sala-Garrido, 2010) and MolBesante (Molinos-Se-
nante, Hernandez-Sancho and Sala-Garrido, 201@) theetranslog (transcen-
dental logarithmic) function. While the translogh@tion offers the greatest flexi-
bility, the quadratic function can be restrictedsatisfy the translation property
(Chambers, 1998). Furthermore, our model didn’lude the biological oxygen
demand even though it was included in the HernaSdexho's study (Hernan-
dez-Sancho, Molinos-Senante and Sala-Garrido, 2@lf)e biological oxygen
demand and chemical oxygen demand measure the @allagon through dif-
ferent means. Incorporation of both indicators wlowdsult in double counting
of this pollution.

Considering the volume of pollutant removal in theatment process within
our sample and the shadow prices of pollutantscave calculate the value of
overall environmental benefits resulting from treant of wastewater per year
or per cubic meter of treated water. The biggespgrtion of environmental
benefits (49%) comes from the removal of shispended solidand thechemical
oxygen demandeven thoughphosphorudhas high shadow price, it contributes
to the value of benefit by only 10% because thema removed in the treatment
process is relatively lowThe overall environmental benefits of the treatment
stand at 4.922 euros per cubic meter. The biggegtibution in environmental
sense is still the removal of phosphorus and rénpgvhich could cause serious
eutrophication problems within the recipient wateasid they not been removed
in the process of treatment.



143

Table 3

Environmental Benefit of Treatment within the Sampke
Pollutants Pollutant removal Environmental value pdlution

kglyear €lyear €/m3 %

N 5170 954 165 168 538 1.016 21
P 936 050 77 161 627 0.475 10
SS 36 890 462 394 949 183 2.430 49
COD 71512 119 162 834 184 1.002 20
Total 800 113 532 4.922

Source:Own elaboration.

4. Conclusions and Policy Implications

Environmental benefits of treating the wastewagdeased into surface wa-
ters in 2016 are estimated to be 1.96 billion euldwe approximation of the
results for all the wastewater treatment plantsugh multiplication of the envi-
ronmental benefits per unit by the amount of doinesastewater released into
surface waters provided by Slovak Hydrometeorokmglostitute can be used
to estimate overall environmental benefits of waster treatment in Slovakia.
It represents a lower bound estimate of costs nwve the pollution from the
environment, had the wastewater not been treatedould have to be invested
in cleaning and reconstruction programs, such asval of nutrients to stop
eutrophication of water bodies or to save the watganisms and ecosystems.
There are, however, many other polluting substahe#sg removed from the
wastewater throughout the process that would fuith@ease the benefits, had
they been included in the study.

Figure 2
Estimated Benefits (size of the dot) of Each Wastater Treatment Plant
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Health benefits are not considered within thislysis. Wastewater treatment
significantly decreases the number of people iefédly water-related diseases
and saves premature deaths. It was not within ¢bpesof this analysis to esti-
mate the monetary value of improved health levdie Toverall benefits of
wastewater treatment would therefore be even highlee quality of water has
a positive impact on the local economy as wellhbotterms of creating jobs in
tourism, fisheries or agriculture and employingalscat wastewater treatment
plants. Moreover, some of the treatment plantsccgeherate energy and reduce
the country’s dependency on imported fossil fugisige of biogas.

In the future, possible implications of these hssmay be in cost-benefits
analyses of wastewater treatment investment psoj¥¢hile some of the partial
data, such as the efficiency of removal of polltgais already considered, shadow
prices might provide a different perspective. Thei®nmental benefits included
in this analysis don’t have a direct market prind hasn’t been considered in the
financial sense in any cost-benefit analysis. Tésmostly to the underestima-
tion of the total benefits of the wastewater trezritmMoreover, this value could
serve as a comparison base for decision makersdied which project in di-
verse areas to fund in order to achieve the grebdeefits.
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Annex A

Parameter Estimates of Distance Function
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Source:Own elaboration.

Annex B

Estimates of Inefficiency of Each Plant
Povazské Bystric 0.161 Dolny Kubir 0.09¢
Plcho 0.1< Nizné 0.04¢
Dubnica nad Vaho 0.5¢ Namestov 0
Liptovsky Mikulag 0 Bardejo 0
Breznc 0.25¢ Humenn Q
Lucene 0 Snine 0.04¢
Handlov¢ 0.05¢ Michalovce 0.52¢
Prievidz: 0.19¢ PreSov— Kendice 1.08¢
Rimavska Sobo 0.48¢ Sabino 0.122
Velky Krti§ 0.061 Rozave 0
Detve 0 Revlc: 0
Zvoler 0 Svidnik 0.01¢
Bansk: Stiavnic: 0.022 TrebiSoy 0
Ziar nad Hronor 0.00: Vranov— Lomnice 0.00¢
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Kezmarol 0.11: Kysucké Nové Mesi 0.13¢
StardCubowia 0.07¢ Nitra 0
Levaia 0.11: Zlaté Moravc 0.281
Krompach 0.00¢ Dunajska Stred- Kutniky 0
Devinska Nova Ve 0 Galant: 0
Modra 0.12¢ Serel’ Q
Sene 0.44¢ Sda 0
Hamuliakovt 0 Levice Q
Malacky 0 Nové Zamk 0.03¢
Myjava 0.02 Suran 0
Senici 0.16¢ Banovce nad Bebrav 0.581
Holi¢ 0.02] Partizansk 0
Skalice 0 Topd¢any 0.112
Komarnc 0 Average 0.10¢

Source:Own elaboration.




