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Abstract: This paper proposes the use of an auction processhich the capacity of a
Waste Water Treatment Plant (WWTP) is sold to coaité the industrial discharges. The
main goal of coordination is to manage the wastemiatlow rate and pollutants to improve
the WWTP operation. The system is modeled as ai-amgint system where each industry
is represented by an agent, another agent repsetteninfluent coming from the domestic
use and one more agent represents the WWTP. Whanakimum level of the flow or the
maximum concentrations of some components exceegl#imt's capacity, an auction starts.
In the auction, the WWTP agent is the auctionear $ells its capacity (resources) and the
industry agents are the bidders that want to beyréisources. In the auction process the
bidders send their bids to the auctioneer and ticéicmeer decides which are the winners.
The winners will discharge to the sewage systemtlaadbsers will have to wait for the next
opportunity. After the coordination process, theuteng wastewater discharge schedules of
the industries have been analyzed using the IWA/CGigulation benchmark as a case
study. The results obtained through this simulafootocol show that the auction-based
coordination mechanism using both pollution and rawlc capacity constraints
accomplishes the goal of improving the effluentlijyaachieving a reduction in the impact
of industrial discharges up to 20,99%.

Keywords: Discharge coordination; Integrated management; eWatuality; Auction
mechanisms; Benchmark; BSM.

1. INTRODUCTION

A Waste Water Treatment Plant (WWTP) receives thbufed wastewater discharges
coming from different industries. Nowadays the mominmon wastewater treatment is the
activated sludge process. The system consists inaemation tank in which the

microorganisms responsible for treatment (i.e. nemhoof carbon, nitrogen and

phosphorous) are kept in suspension and aerateawénl by a liquid-solids separation,

usually called secondary settler. Finally a recysystem for returning a fraction of solids
removed from the liquid-solids separation unit baokthe reactor, whereas the other
fraction is wasted from the system (Metcalf and EfRDO03]; Figure 1(a)).

The treatment capacity of the plant is limited réfere all pollutants arriving at the WWTP

should be under certain limits; otherwise, the eaater could not be fully treated and the
river would be polluted. Currently, there exist ukdions intended to achieve this goal by
assigning a fixed amount of authorized dischargesach industry. However, they are not
sufficient to guarantee the proper treatment ofwhstewater. The problem is that, although
these regulations enforce industries to respecYWMéTP capacity thresholds, they do not
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take into account that simultaneous discharges iffgrent industries may exceed the
WWTP's thresholds. In such a case, no industry dvbel breaking the rules, but the effect
would be to exceed the WWTP capacity. Besides,simdulischarges add complexity to the
waste water treatment system, given that the highability in influent pollutants
composition hampers the WWTP operation because thast discharge under certain
limits.
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Figure 1. Activated sludge process (a). Coordination systsm

As an alternative and more flexible regulation nagdm, we propose the use of an auction
process in which the capacity of the WWTP is séldctions are a popular mechanism in
economy, usually used to distribute shared ressuao@ng different agents (Chevaleyre et
al. [2006]). Auctions are currently being used @veral industrial scenarios (Bichler et al.
[2006]), as the electricity market in which diffate&kinds of energies are auctioned in order
to favour the use of non pollutant sources of eneRpcently, auctions have been also
considered to deal with natural resources, ag €@fissions. In these models, each industry
bids for CQ emission credits, in such a way that high polluiadustries pay for a lot of
emission credits (unless they install some kindilters in their factories), while industries
with non pollutant processes do not need any eomssiedit, keeping their manufacturing
process at a lower cost. Moreover, this approaclinidine with a more integrated
management of the river basin (Butler and Schi29@%]) taking into account not only the
plant, but also the rest of the components of satinent system, such as the industries and
their discharges. In this context, it seems suitablraise the possibility of using auctions to
deal with wastewater resources, as in a WWTP. pajser presents a first approach to this
possibility.

The paper is organized as follows. In Section 2 present the coordination system,
describing in detail each of the involved stepse Tiplementation of a first prototype is
described in Section 3. In Section 4 we discusseftpeerimental results obtained through
simulation and Section 5 derives some conclusions.

2. AUCTION-BASED MANAGEMENT

The wastewater treatment problem could be solvédgus centralized approach, where
given all the planned discharges from the industiéenew schedule for each of them would
be generated, in a way that the capacities of thatpre not exceeded at any time.
Centralized approaches imply that a central scleedwlould make all the decisions.

However, such decisions should be made by eacheointustries, since they may not be
willing to disclose private information related tvithe production process upon which their
decisions are based. Thus, in order to preserwagqy; other coordination mechanisms
should be considered.

In the waste water treatment scenario there iscen&ral element, the treatment plant, who
assumes the role of coordinating the dischargéiseahdustries. Then, the plant's capacities
are modeled as individual resources, shared bthalindustries. Each time a conflict in a
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resource occurs (i.e. the capacity is violated)aaation is started in order to determine
which of the conflicting discharges will be authmil to discharge and which will have to
be delayed. We have chosen auctions as they arell&newn mechanism to distribute
shared resources among competing agents when ifiornprivacy is a concern.

We assume that each industry has a retention taalgiven capacity, where it can store a
discharge whenever it is not authorized, and ertpigter on. We also assume that each
industry can estimate in advance the dischargesithaill generate according to the
production process. Although this estimation mdfedifrom the real discharges, they help
in the process of coordinating all the dischargesso, adjust properly the WWTP.

In the next two sections we explain in more dekailv we have modeled the WWTP
scenario as a multi-agent system, as well as tloedowmtion process based on auction
mechanisms.

2.1 Multi-agent modeling

Our system, modeled as a multi-agent system, tefthe physical separation between the
participants (the plant and the different indusfriand also supports privacy in the decision
making process of each of the involved agents. iMgént systems allow the
implementation of complex interactions among tHéedként agents through an appropriate
coordination mechanism. In our WWTP scenario, th&/ T¥ agent is the agent who owns
the resources (hydraulic and pollution capacitég) the industry agents want to use them.

The process for coordinating the different disckargoming from the industries is depicted
in Figure 1(b). Firstly, the industries inform theeatment plant about their scheduled
discharges. These schedules contain the set diiadges that they plan to perform in a
given period of time, and for each discharge thirimation about its starting time,
duration, flow and contaminant levels is also ideld. Hence, a schedule from an induktry
is described a§={d;,...,d;} wheren is the number of discharges contained in the sdbed
and each dischargk is defined agl, = {s;, t, ai}, wheres stands for the start timg,is the

duration and, is a vector containing the flow and contaminantlswf the discharge. The

start time of discharges can be modified dependingthe industries location: when a
difference between the discharge time and the digeharrival to the WWTP exists this
delay should be added $0

The WWTP agent, upon reception of all the industriischarge schedules for a given day
(or any different predefined period of time), stachecking for conflicts. A conflict arises
when the discharges planned to be performed atendime violate any constraints (see
Section 3.2 for their definition). Whenever a canfis detected, the involved industries
(the industries whose discharges are scheduletieatine of the conflict) are informed
about it, and an auction is started to solve itcifey industries to modify their schedules.
The resolution is done in a sequential way, trgatine conflict at a time in chronological
order. This process is repeated until all the disghs have been authorized, and the result
is that each industry has a new schedule, and tlesséiing schedules do not produce any
conflict.

The unauthorized discharges should not cause pnsbile the production processes of the
industries. In case an industry agent has to relstlets discharges, its behavior is the
following: it first tries to store the rejected digrge into the tank; the discharge of the tank
is then scheduled as the first activity of the agmmce the current conflict has finished.
Conversely, if the industry has its tank alreadyl, fthe discharge will be performed
anyway. However, the influent coming from the domestie d®es not have any retention
tank and, consequently, its discharges cannot tukfiexb.

Note that it is not necessary to know in real-tithe industrial discharges, since the
coordination process is done offline, for exampie day before.

!t is possible to minimize these situations in &éluetion mechanism, following for example
Mufoz et al. [2007]
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2.2 Auction mechanism

Once the involved discharges in a conflict havenbaetected, their corresponding agents
(industries) are informed about the conflict and #uction process begins. The WWTP
agent assumes thaeuctioneerrole who is in charge of selling its flow and puibn
capacities resources and the industry agents agberieldersrole. The goal of the auction
is to select a subset of industries, which will &ghorized to perform their discharges,
while the remaining should have to be delayed éstan the tank). The selection criterion is
based on the bids submitted by the agents. Thelserbpresent the urgency that each of
them has to perform the discharge. A high bid iatis that the agent really needs (or
wants) to perform the discharge, while a low bidigates that the agent could delay the
discharge and therefore it can miss the opportuoityerform it at the auctioned time. For
example the bid value of the industry agentcould be calculated dividing tank occupation
of industry by the total tank capacity of industry.

Note that the auction process allows industriesxjoress their interest of discharging at a
given time through the bidding policy, conversety dther centralized approaches that
forces industries to discharge at a given time.nBhat we have used the tank capacity for
bidding generation, other policies can be implemérgccording to the industries strategies
(prices, etc.). Then, the auctioneer clears théi@ugi.e. determines which discharges to
authorize) by solving the Winner Determination Reot (WDP) (Kalagnaman and Parkes
[2005]). Particularly, since the auctioneer offensitiple (but limited) units of different
items, and bidders submit bids for a certain nundfaunits of each item, we are dealing
with a multi-unit combinatorial auction whose WDémodeled according to the Equation
1.

maxz‘ o 1)

NC
stdxm,;<Q [0C
i=1

whereNC is the number of conflicting dischargeg{0,1} represents whether dischaige
is denied or authorizedy JO* is the bid value for discharge g;; is the capacity

requirement of the resourgéor the dischargg Q; is the resourcpcapacity andC is the set
of resources. In our case, the items represenfidheand the contamination levels whose
available units are determined by the capacitieth@fplant. This problem is similar to the
multi-dimensional Knapsack problem (Kelly [2005]).

Figure 2. Case study.

3. CASE STUDY

Our case study is a typical wastewater treatmestesywith 4 industries (depicted in Figure
2). The industries discharge their wastewater ¢éosewage system, which directs it to the
WWTP. The plant, once the wastewater has beeretteptits it back to the river. The first
industry is pharmaceutical, which is increasinglitecharge flow during the week and does
not discharge during the weekend. The second omesiaughterhouse that discharges a
constant flow, except at the end of the day wheimdteases. The third one is a paper
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industry that discharges a constant flow duringsisen days of the week. The fourth one is
a textile industry, whose discharges flow oscilad@ring the day. Industries discharges are
added to the effluent of the city which is fixeddaoannot be coordinated. Altogether
represent the WWTP influent. Thus, the output efdliction system is a set of coordinated
discharges that is entered as input for the WWTP.

3.1 IWA/COST Simulation Benchmark

As a model for the WWTP, the IWA/COST SimulationnBemark has been used. This
simulation protocol has resulted in more than 10Blipations worldwide (Jeppsson et al.
[2006]) and provides several tools such as corgx@luation, prediction, estimation of
biomass activities and effluent quality paramet@tse Benchmark Simulation Model N1
(BSM1) layout contains the Activated Sludge Moddl, MSM1 (Henze et al. [1987]) for
two anoxic and three aerobic tank reactors, foltbwg the Takacs ten-layer model for the
secondary settler (Takacs et al. [1991]). Modeluarit files include 14-days weather
disturbances (i.e., dry, rain and storm weatheth Wb-minutes sampling. In our case the
dry BSM1 influent has been selected and modifietth \&i set of real data provided by the
Laboratory of Chemical and Environmental Enginegi(hEQUIA) to represent industries
discharges. Among the outputs the model provide€ffiuent Quality Index (EQI) and the
Influent Quality Index (IQI), both are a weightedlaulation of the amount of pollutants
(i.e. carbon and nitrogen in different forms) prese both the influent and the effluent of
the model. They are used for the plant performa&weduation based on the total kilograms
of pollutants present in the effluent and the iefiu (Copp [2002]). We have essentially
considered the EQI and 1QI values for the evalumatibthe auction system. Likewise, the
outcome of the benchmark permits us to observeffieets of the coordination mechanism
on the quality of the treated wastewater.

3.2 Constraints

In order to coordinate the industrial dischargesl amprove the effluent quality, the
following constraints have been defined:

e Hydraulic capacity constraint. This constraint ensures that the total flow angv
to the WWTP (from the influent and industrial diacges) does not exceed a
certain threshold at any time. This threshold lledahe Maximum Flow (MF).

OtO[0,T]: i flow, < MF (2)

i=0

whereT is the final time of the simulatiolN is the set of industries (including the
influent) andflow;; is the flow discharged by industry (or influengt timet.

* Pollution constraints. These constraints ensure that the concentratibosrtain
components arriving to the WWTP do not exceed ttesipective thresholds at any
time. There are 4 constraints, for the followingmpmnents: COD (Chemical
Oxygen Demand), BOD (Biological Oxygen Demand), TKNotal Kjeldhal
Nitrogen) and TSS (Total Suspended Solids). Eachstcaint is defined as
follows:

N
> cong,, CFlow,
OtO[oT]:0cOC: =2 <MC

> flow,,
i=0

(3)

c

whereC is the set of components (COD, BOD, TKN and TS8) @ng., is the
concentration of componentproduced by the industiyor influent at time. MC,
is the maximum concentration threshold for comporen
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4. EXPERIMENTAL SETUP

To test the coordination mechanism we have impléatka prototype of the system, using
Repast, a free open source software framework for crgagigent based simulations using
Java language. The simulation reproduces the paoes the communication between the
plant and the industries performing discharges.nake created one agent to represent the
plant and another for each of the industries. Tke finear programming kit GLPkhas
been used to solve the winner determination probédated to each auction.

In order to compare the results obtained with aitdout auction-based management, three
different scenarios have been defined.

e The first scenario considers the influent (dry)hwitt industrial discharges. This
scenario shows the wastewater 1QI and EQI whenlaiimg with only domestic
wastewater (i.e. BSM1 default influent file).

* The second scenario adds to the influent the industischarges, without using
the auction-based management mechanism. This seesnaseful to calculate the
impact of industrial discharges in the WWTP efflueNone of the discharges
violate current legislation but there is a deteximm of water quality (increase of
IQI and therefore EQI) due to industrial dischargétée have measured such
deterioration.

e The third scenario is the same as the second ohauiding the auction-based
management mechanism. This scenario is useful terrdime the benefits of the
proposed system in terms of EQI.

5. AUCTION-BASED MANAGEMENT MECHANISM PERFORMANCE

The experimental results have been obtained wighsimulation protocol BSM1 in the
three different scenarios previously describedorigler to evaluate the system the effluent
quality has been considered.

1QI EQI Increment
[Kg,pollmnit] [Kg,pollmnit] [Kg‘ pollmnit) Reduction Constraints
day day day
Influent (scenario 1) 42042,81 7556,54
(20195,42) (2219,93)
w/o auction
based mng. 59092,21 9127,37 1570,83
(scenario 2) (20080,39) (2303,71)
59163,90 8958,64
(16527,12) (1935,64) 1402,11 10,74% R1
59139,67 8901,23 o
. (16225.36) (1931.82) 1344,70 14,40% R2
Influent With auction 59157 73 8900.13
and based mng. ) J
industries | (wmariod) | (1585409) | (207370) | 134360 | 1447% R3
59126,16 8886,15 o
(16086.98) (1906.97) 1329,61 15,36% R4
59158,62 9043,95
(18489,36) (2162,55) 1487,42 5.31% RS
59132,39 8797,63 o
(13378.48) (1729.65) 1241,10 20,99% R6

Table 1. Results obtained with the benchmark BSM1 in déffe scenarios.

Table 1 shows the results obtained with the diffes@mulations. The first column is the
Influent Quality Index IQI) measured with BSM1, integrating the last sevewps daf

2 REPAST Agent Simulation Toolkit, http:/repast.smforge.net
¥ GLPK Gnu Linear Programming Kit, http://www.gnuyfsoftware/glpk
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weather simulation (Copp [2002]) with the standdeliation in brackets. The second
column corresponds to the EQI measured by the Ipeswdhwith the standard deviation too.
The third column lhcrement represents the difference in tB€I value between the first
and the other scenarios; this value representsmpact of the industrial discharges in the
wastewater. The fourth column shows the reductiopercentage on the valliecrement
when using the coordination mechanism. Finally, ftfie column Constraint$ indicates
the set of constraints thresholds used for thedioation.

Six different constraints have been consideRtlis related to the maximum flow (MF),
setting it to 25000 ftday; R2 sets the Maximum TSS to 275 md#3 dictates a Maximum

TKN of 55 mg/l; R4 states BOD = 234 mg/R5 states Maximum COD = 575 mg/l and
finally R6 contains these constraints: Maximum flow = 3256@ay, Maximum TSS = 275

mg/l, Maximum TKN = 50 mg/l, Maximum BOD = 260 mghd Maximum COD = 100

mg/l (Copp [2002]).

The results show that the value BRI obtained in the first scenario is 7556,54 Kg
poll-unit/day. When the industrial discharges adédea to the influent in scenario 2 the
value of EQI becomes 9127,37 Kg poll-unit/day, therefore thdugtries are causing an
increase of 1570,83 Kg poll-unit/day. The otheradaf the table corresponds to the
executions of the benchmark in the third scenarth woordinated data and using different
sets of constraints, showing that when the audiased management mechanism is used the
EQI is reduced and consequently, the impact of indigtischargeslficremeny is smaller.

In the best case (set of constraiRfy the impact is reduced up to 20,99%. Accordinty to
test the values of the mean and standard deviatidBQIfin the second scenario and the
bestEQI obtained in the third scenario (set of constralR@s are statistically extremely
significant.
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Figure 3 (a) shows the valuesI@fl during the seven days with and without auctioredas
management. This picture shows that the auctiorebasanagement has lowered the upper
values and raised the lower values. The steadimesise IQI profile is important as it
improves wastewater treatment by reducing the bidityaof the influent composition. This
circumstance allows the WWTP to process more efiity the pollutants and consequently
achieve better results regardig@l. Figure 3 (b) shows the comparison betweenBQé
values during the seven days with and without aneiased mechanism. Analogously to
the Influent Quality IndexIQl), the values have also been homogenized.
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6. CONCLUSIONS

In this work, the use of an auction-based managemechanism has been proposed in
order to coordinate the industrial dischargeshls auction the WWTP assumes the role of
the auctioneer that is selling its capacity assauece, and the industries assume the role of
bidders that want to buy the WWTP capacity. Thetianadetermines which industries are
going to be allowed to discharge to the sewageesysind which are not. This process is
repeated each times the hydraulic capacity constoasithe pollution constraints would be
violated by the discharges in a given time (if thegre not coordinated). The results
obtained with the IWA/COST simulation shows thae thuction-based management
mechanism using pollution and hydraulic capacitynstint reduces the impact of
industrial discharges up to 20,99%. This fact hasnbpossible due to the 1QI variability
reduction, since it has made the WWTP able to m®dbe pollutants more efficiently.
Although the simulations do not completely match treatment system in reality, it is a
good starting point for showing to the public auities and to the industries that the
auction-based management approach could help inmgrdoth the WWTP operation and
the water quality.
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