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Abstract Water reclamation and reuse practices are recently
receiving growing attention due to increasing water scarcity,
concerns about the effect of wastewater discharges on
receiving water, and availability of high-performing and
cost-effective water reuse technologies. However, incorpo-
ration of water reuse schemes into water/wastewater infra-
structure systems is a complex decision making process,
involving various economical, technological, and environ-
mental criteria. System dynamics (SD) allows modeling of
complex systems and provides information about the tem-
poral and feedback behavior of the system. In this sense,
a SD model of the existing water/wastewater system in
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Kalamazoo-Michigan, an urban area in the Great Lakes
region, was created with the hypothetical incorporation of
water reuse. The model simulates and optimizes the overall
water system cost (including water, wastewater and water
reuse components), accounting for future scenarios of popu-
lation, economic growth and climate change. Results indi-
cate significant levels of water reuse after an infrastructure
build delay. The model also indicates that a decision to
implement water reuse yields remarkably lower water with-
drawals and lower water treatment costs even in a location
with a relatively abundant water supply like Kalamazoo.
This study emphasizes the fact that a true understanding of
the practice of water reuse cannot be achieved without
taking regional and climatic parameters into account.
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1 Introduction

Water scarcity defined as imbalance between water avail-
ability and demand is becoming a major challenge for many
jurisdictions around the globe (UNESCO 2009). Increasing
population along with land-use and climatic changes will
steadily deteriorate the quantity and quality of the earth’s
fresh water resources (Zimmerman et al. 2008). Although
there have been substantial developments in increasing
access to fresh water resources through technology inno-
vation and more effective water resources management,
higher global living standards combined with popu-
lation growth still threaten the sustainability of water
resources and ecosystems. Moreover, climate change pre-
sents another threat to global water sustainability by
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disturbing precipitation patterns and increasing evapo-
transpiration. Currently, one-third of the world’s population
is affected by water scarcity (UNESCO 2009).

To minimize water scarcity, a series of measures have
been pursued to reduce water demand and/or increase water
supply capacities. Desalination and water conservation and
reuse are the most common approaches. Currently global
desalination capacity is 12 billion gallons of water per day
with an expected global growth of 120 % by 2016 (Kranhold
2008; GWI 2009). Unfortunately, desalination is a process
that is energy-intensive and expensive, with potential
adverse environmental impacts through the release of brine
to marine habitats and receiving waters. These challenges
have persuaded many locations to invest in water conser-
vation and reuse programs, with an emphasis on wastewater
reclamation (Exall et al. 2004; GWI 2009).

Water reuse is associated with several benefits.
Reclaimed water can be used in agricultural and landscape
irrigation, industrial processes, groundwater recharge, and
for recreational purposes, thereby preserving valuable fresh
water resources for potable applications. Water reuse is also
associated with materials and energy recovery, and the
reduction of life-cycle carbon emissions in the water supply
process (Strutt et al. 2008; Guest et al. 2009; Leewong-
tanawit and Kim 2009; Mo et al. 2010; Li and Huang 2011).
As aresult of these benefits and increasing public awareness,
there is a growing demand for reclaimed water to address
two primary challenges: (1) increasing urban water scarcity
(leading to water-reusing markets), and (2) decreasing water
quality as a result of wastewater discharge. Also, in the past
decade, high-grade water reclamation technologies such as
ultra-filtration, reverse osmosis, and ultraviolet disinfection
have become more economically favorable and more
effective (Asano et al. 2007). It is expected that water reuse
capacities increase globally with an expected growth of
180 % by 2016 (GWI 2009).

To address issues related to water reclamation and reuse,
a wide range of studies have been carried out in recent
years. These issues include financing of water reuse pro-
jects (Starkl et al. 2009); reclaimed water pricing (Cuthbert
and Hajnosz 1999); risk, performance and environmental
impact assessment (Nilsson and Bergstrom 1995; Balkema
et al. 2002; Benedetti et al. 2008); water reclamation and
reuse infrastructure design and planning (De Melo and
Cfimara 1994; Jodicke et al. 2001); choice of treatment
system such as on-site, central plant, clustering, and use
of natural or constructed wetlands (Orona et al. 1999;
Verhoeven, and Meuleman 1999; Chung et al. 2008); choice
of treatment technology in wastewater treatment plants
(with aerobic, activated sludge, filtering, and disinfection
processes) and optimal control of treatment operations
(Lessard and Beck 1991; Andrews 1994; Alvarez-Vazquez
et al. 2008); and water reuse and wastewater treatment
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locations analysis and capacity planning (Vasiloglou et al.
2008; Almasri and McNeill 2009).

The multitude of information presented in the above
studies suggests that water reclamation and reuse decision
making, within an integrated water resources management
framework, is a complex process comprised of societal,
technological, economical and environmental criteria (Li
et al. 2009; Liu and Tong 2011; Deviney et al. 2012). This
approach is linked to water quantity, quality and pricing
aspects with benefits ranging from water conservation to
energy and material efficiency. This highlights the impor-
tance of adopting a more comprehensive approach to ana-
lyze water reuse planning and management. The approach
of system dynamics (SD) modeling offers advantages in
understanding and addressing nonlinear behavior of socio-
economic-environmental systems and assessing policy
implications with controls, feedbacks, and delays in built
systems (Khan et al. 2009; Winz et al. 2009). As a com-
ponent of urban water systems, water reuse, however, has
rarely been included in any SD research (Chung et al. 2008;
Li and Huang 2012).

As such, a SD framework is applied to model and
analyze water reclamation and reuse decisions considering
future scenarios of population, economic growth, and cli-
mate change. This study aims to capture the influence of
various drivers (such as population, climate, water price,
and system cost) on water reuse as well as the (feedback)
impacts of water reclamation and reuse decisions on some
of these drivers. It emphasizes the fact that a true under-
standing of water reuse practice cannot be achieved with-
out incorporating regional and climatic parameters.

The paper is structured as follows. First, we explore the
rational behind SD modeling and how an SD model is
formulated. We introduce the equations governing a water
reclamation and reuse decision problem as implemented in
an SD framework. This paves the path to present the model
as a whole, with its parameters, decision variables, scenario
elements, and their interrelationships. The applicability and
usefulness of the proposed approach is then investigated
through a case study in Kalamazoo County, Michigan, an
urban area served by a public water system. This is fol-
lowed by Sect. 3 to discuss the findings and to perform a
sensitivity analysis. We will conclude by highlighting the
advantages of the proposed model with indication of future
research avenues to address the limitations of this study.

2 SD approach

2.1 Problem definition

SD is a modeling approach emphasizing controls, feed-
backs, and delays that has been used for analyzing and
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simulating the behavior of complex problems with a focus
on policy analysis and design (Khan et al. 2009; Huang and
Cao 2011). Causal loop diagrams (CLDs), as the foundation
of SD models, are used to identify the relationships between
individual system components and to depict feedback loops
that affect system regulation. Feedback loops can either be
reinforcing or balancing depending on the relationships
between the variables constituting the loop.

The CLDs in Fig. | represent the critical component
differences of a water reclamation-reuse system as com-
pared to conventional water/wastewater infrastructure.
Common CLD notation applies where a “+” sign indicates
a reinforcing relationship between two variables. An
increase in the arrow tail variable causes an increase in the
arrow head variable. A “—” sign indicates a balancing
relationship between two variables. An increase in the
arrow tail variable causes a decrease in the arrow head
variable. The double hash mark indicates a time delay in
the cause and effect relationship between two variables.

Figure 1a depicts a CLD of the water demand-water
treatment system without water reuse. This system consists
of two causal (feedback) loops, as two pathways drive the

Fig. 1 A CLD of critical
system components for a water
supply system a without water
reuse, b with water reuse

Unit Potable Water Treatment Cost. If Water Withdrawal
Quantity increases, the Water Treatment Cost increases
which leads to an increase in the Unit Potable Water Treat-
ment Cost. A delay is depicted between Water Withdrawal
Quantity and Water Treatment Cost to represent the time
required to increase capacity/capital to manage the higher
levels of water withdrawal. On the other hand, increased
Water Withdrawal Quantity requires an increase in Water
Treatment Quantity. Economies of scale dictate that this
increased quantity drives down the Unit Potable Water
Treatment Cost. Thus the pathway through Water Treatment
Cost tends to increase the Unit Potable Water Treatment
Cost, while the pathway through Water Treatment Quantity
tends to decrease the Unit Potable Water Treatment Cost. In
this way, the loop through water treatment quantity is rein-
forcing and the loop through water treatment cost is bal-
ancing. The Unit Potable Water Treatment Cost drives the
(consumer) Water Price that in turn influences the total
Water Demand. In the model without water reuse, the total
Water Demand alone drives the Water Withdrawal Quantity
since water demand can only be satisfied by withdrawals
from ground or surface water.
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Now, consider the water system with a water reuse
process (Fig. 1b). In this case, Water Withdrawal Quantity
is influenced by Water Reuse Quantity in addition to the
total Water Demand. In other words, the total Water
Demand can now be partially satisfied (assuming non-
potable applications) by reclaimed water:

Water withdrawal quantity = total water demand
— water reuse quantity.

Thus, if water reuse is introduced to the system, the
water withdrawal quantity decreases. Similar to the Water
Treatment and Water Treatment Cost pathways described
above, the Unit Water Reuse Cost is driven by Water
Reuse Quantity via two pathways. Firstly, Water Reuse
Quantity tends to increase the Water Reuse Cost since
more water needs to be reclaimed and capacity needs to be
increased. Secondly, the increase in Water Reuse Quantity
itself tends to decrease the Unit Water Reuse Cost due to
economies of scale. In general, the Unit Water Reuse Cost
directly affects the Reclaimed Water Price (set by the
utilities), which will drive the Reclaimed Water Demand.
The Reclaimed Water Demand (which represents the
influence from the demand side) and the Unit Water
Treatment Cost (which represents the influence from the
supply side) will drive the rates of water reuse.

A total of six feedback loops are created by the addition of
the water reuse process. Two loops are related to the water
reuse component of the model; a balancing loop through
water reuse cost and a reinforcing loop along the pathway
from Water Reuse Quantity to Unit Water Reuse Cost.
Additionally, two loops are created by the interaction of
water reuse with the typical water supply system. A balancing
loop is created from Water Reuse Quantity to Water With-
drawal Quantity through Water Treatment Cost. A rein-
forcing loop is created from Water Reuse Quantity to Water
Withdrawal Quantity through Water Treatment Quantity.

2.2 Equations

To implement water reuse schemes, reclamation capacities
are to be created on the basis of demand for recycled water, the
associated costs, and pricing mechanism. Water reuse costs
are associated with the need for increased treatment and
secondary distribution. In this sense, if the reclaimed water
price s set based on associated costs, itis expected to be priced
higher than the potable water (AWWA 2008). Thus, to
encourage consumers to use more reclaimed water, the price is
usually set much lower, taking into account the indirect sav-
ings and benefits associated with water reuse (i.e. a decreased
cost of water treatment, water efficiency, etc.) (AWWA
2008). The cost recovery is also an issue when it comes to
water/reclaimed water pricing, as the water/reclaimed water
selling revenue is usually not enough to compensate all
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treatment-supply costs, and utilities need to rely on municipal,
regional, or federal subsidies (AWWA 2008).

In this sense, a cost-minimizing public water utility has
to decide on water and reclaimed water prices (often
expressed as a ratio), while also setting a target on the
reclaimed water quantity. In doing so, the utility is looking
for the optimal cost compromise between treatment and
reuse options. Increasing water reuse capacities decreases
water withdrawal, which, in turn, reduces (potable) water
treatment costs. This solution can be identified through an
optimization model, which determines reclaimed water
quantities and prices that correspond to a minimum total
cost of water supply.

The optimal solution to water/reclaimed water system
capacities and pricing is a minimum overall net present cost:

Minimize 7 = /ﬁ(t) < [ew(t) + ¢ (2)]dt (1)

4]

where 7 is the net present total cost of water treatment-reuse
system ($1,000), T is the planning scope (year), f is the
initial time (year), c,,(¢) is the water treatment cost at year ‘¢’
($1,000/year), c,(t) is the water reuse cost at year ‘¢’ ($1,000/
year), fB(f) is the Discount factor for year ‘" (where
B(t) = ﬁ, for an average nominal interest rate of i,).

By introducing all cost elements as functions of time, we
can capture periodical variations in capital and operational
costs due to creation of new capacities or degradation of
the existing ones. Water treatment cost (c,,(¢)) is the sum of
associated capital, operational and overload (to meet
excess demand with external sources) costs. It is a function
of created capacities and quantity of treated water. Water
reuse cost (c,(¢)) is the sum of water reuse capital (capacity
building) and operational (pumping, transport, etc.) costs,
which are functions of water reuse capacity and reclaimed
water quantity, respectively. In this sense, we have:

cw(t) = CSVC>(I) L (1) + C»(uo)(t) X (1) + C»(»’L)(t) Ly (1)
(2)
¢(t) = CO(t) - L(t) + CO1) - x.(1) (3)
where CfVC)(t) is the unit capital cost of water treatment
capacity development at year ‘# ($1,000/million gallons),
I,(t) is the water treatment capacity added at year ‘¢
(million gallons/year), Cfvo)(t) is the unit operation cost of
water treatment at year ‘¢’ ($1,000/million gallons), x,,(?) is
the quantity of water treated at year ‘£ (million gallons/
year), C,(f >(t) is the unit water treatment overload cost at
year ‘¢’ ($1,000/million gallons), L,(f) is the quantity of
water treatment overload at year ‘£’ (million gallons/year),
Cﬁc)(t) is the unit capital cost of water reuse applications
capacity development at year ‘# ($1,000/million gallons),
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1,(?) is the water reuse applications capacity added at year

‘t’ (million gallons/year), Cﬁo)(t) is the unit operation cost
of water reuse applications at year ‘¢ ($1,000/million
gallons), x,.(f) is the quantity of water reused at year
‘¢ (million gallons/year), for CL(VC) (1) = CSVQ(IO)(] + ip)t;
)= w)(1+4,); P =P ) (1+i,)";
A =) (1+13,) ) =) (1+i,)';
where i, is the average inflation rate.

Assuming that there is an obligation to treat all received
wastewater regardless of the source (fresh or reclaimed),
the ongoing cost of the wastewater treatment system does
not influence the decision regarding the quantity of
reclaimed water applications and water/water reuse cost
recovery ratios. Thus, these ongoing costs are excluded
from 7. Minimizing (1) identifies the optimal tradeoff
between (potable) water treatment costs (which decreases
as a result of water reuse) and water reuse (application)
costs (comprised of non-potable treatment and redistribu-
tion costs). In doing so, water treatment and reuse quantity
and capacity levels (i.e. 1,,(f), x,,(¢), L, (), I.(¢), and x,(¢))
are determined through (4)—(8):

Ly (1) = Max{[e(1) - (1 + p,,) = X (1)]/ T, 5:(2)} (4)

(i.e. the water treatment capacity is developed to meet the
increasing demand for water withdrawals and to offset the
capacity depreciations)

X () = Min{X,,(7), e(?)} (3)

(i.e. the actual water treatment quantity is constrained
by water treatment capacities and has to meet water
withdrawal needs)

Lw(t) = 6([) - xw(t) (6)

(i.e. water treatment overload occurs when water with-
drawal exceeds water treatment, and the excess demand is
met through the excess treatment capacities of other sup-
pliers in the region) where e(?) is the water extraction at
year ‘t’ (million gallons/year), u,, is the water treatment
capacity reserve ratio, X,,(?) is the water treatment capacity
at year ‘¢ (million gallons), T, is the water treatment
capacity development delay (year), s,(f) is the water
treatment capacity retired/depreciated at year ‘¢’ (million
gallons/year),

and

1,(t) = Max{[o - Xy (1) — Xp(0)]/ T, 5,(1)} (7)

(i.e. water reuse capacity is developed to maintain the
water reclamation capacities in line with an optimally-
targeted share of wastewater quantity, and to also offset
capacity depreciations)

x-(2) = Min{x,,,(2), X.(¢), r(t)} (8)

(i.e. water reuse is constrained by reclaimed water demand
and supply (wastewater treatment quantity) and water reuse
capacity) where 0<o <am.,x 1S the target water reuse
quantity ratio (as a portion of total reclaimed water), which
is a decision variable, where oy, corresponds to the
maximum (technically feasible) water reuse quantity (as
percentage of wastewater quantity), x,,,,(?) is the quantity of
wastewater treated at year ‘¢’ (million gallons/year), X,(¢) is
the water reuse applications capacity at year ‘¢’ (million
gallons), T, is the water reuse capacity development delay
(year), s,(t) is the water reuse applications capacity retired/
depreciated at year ‘t’ (million gallons/year), r(¢) is the
potential demand for reclaimed water (water reuse) at year
‘¢ (million gallons/year).

The time-dependent elements used in (4)—(8) are iden-
tified as follows:

e(t) = d(r) — x,(t) 9)
(i.e. water reuse offsets parts of water demand and
consequently reduces water withdrawals)
t
X)) =Xult0) + [ (1(0) = s (1) (10)
)

(i.e. water treatment capacity increases when capacity
developments exceed depreciations)

Sw(t) = 8y - X (t) (11)

(i.e. a fixed asset depreciation (degradation) rate is assumed
for water treatment capacities)

X (1) = Min{ X, (2), @(2) - d(2)} (12)

(i.e. the actual wastewater treatment is constrained by total

generated wastewater and wastewater treatment capacity)
t

X, (1) = X (t0) + / (I(1) — s,(2))dt (13)
fo

(i.e. water reuse capacity increases when capacity
developments exceed periodic depreciations)

s:() = s, - X,(2) (14)

(i.e. a fixed asset depreciation (degradation) rate is assumed
for water reuse capacities)

(1) = Max{y - d(r) - (1= [p,(0)/pu ()]} ), 0 (15)

(i.e. a continuous interpretation of reclaimed water
demand-price relationship (r(¢), p,(¢)), with boundary
points of (0, p,, (7)) and (y - d(¢), 0), where y is a cap ratio
for reclaimed water demand taking into account the tar-
geted uses of reclaimed water (excluding all potable water
demands) and k is a price elasticity factor which captures
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the responsiveness of reclaimed water demand to changes
in reclaimed water price. Because of a public resistance to
the idea of water reuse where consumers clearly have a
cost-effective substitute, it is expected that kK <1 (Dolnicar
and Hurlimann 2010) where d(7) is the water demand at
year ‘¢’ (million gallons/year), X, () is the wastewater
treatment capacity at year ‘¢’ (million gallons), w(t) is the
wastewater (generation) ratio at year ‘¢, s, is the average
water treatment capacity retirement/depreciation rate (1/
year), s, is the average water reuse applications capacity
retirement/depreciation rate (1/year), y is the upper bound
ratio for reclaimed water demand (i.e. a percentage of total
water demand), p,(7) is the average potable water price at
year ‘© ($1,000/million gallons), p,(f) is the average
reclaimed water price at year ‘¢ ($1,000/million gallons),
k is the reclaimed water price elasticity factor.
Wastewater treatment capacity X, (¢), which is used in
Eq. 12 to identify actual wastewater treatment quantity, is
also a stock variable that grows when capacity develop-

ment exceeds depreciations:
t

X (1) = X (1) + / (L (1) — 52 (1))t (16)

fo

where 1,,,,(f) is the wastewater treatment capacity added at
year ‘¢’ (million gallons/year), s,,,(¢) is the wastewater
treatment capacity retired/depreciated at year ‘¢ (million
gallons/year).

We calculate water demand using its per capita
estimation:

d(1) = n(t) - d¥) (1) (17)

where n(f) is the population served by utility at year ‘¥
(person), d¥°)(¢) is the per capita water demand at year ‘¢
(million gallons/(person x year))

The per capita water demand (d¥°)(r)) is estimated
using the state-level per capita daily water demand
regression model (Eq. 18) developed by US Geological
Survey (2002) as follows:

365
d)(1) = 02 [107.173 — 4.7265(r) + 2.43GSP) (1
— 1.299ASP(1) + 0.777AST(1)] (18)

where p(t) is the perceived water price at year ‘¢ ($1,000/
million gallons) (i.e. the price consumers pay for water in
average), GSP(”“)(I) is the gross state product per capita
at year ‘t’ ($1,000/person), ASP() is the average total
summer (June—July—August) Precipitation at year ‘£ (in.),
AST(r) is the average summer temperature at year ‘f
(Fahrenheit).

The numbers in the above regression equation are
determined by US Geological Survey using data of the past
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50 years for each US state. We have used the ones sug-
gested for the state of Michigan (USGS 2002).

When consumers have a choice between water and
reclaimed water, the perceived water price is computed as
the medium of average water and reclaimed water prices:

t t
[ e(t)dt i xe()dt
p(1) = pu(t) + - pi(t
[ d(0)dr Ji d(r)dt

With average water and reclaimed water prices calcu-

lated in line with the associated costs:

pw(t) =y - (Ew(t) + Eww(t)) (20)
pr(t) = ;Lr ' (Er(t) + EM/W'(t)) (21)

(i.e. in public water/reclaimed water systems, the price
partially recovers the associated costs, and the uncovered
portion of costs has to be compensated through municipal,

(19)

regional and/or federal subsidies) where Jmin < <1 s
the water cost recovery ratio, which is a decision variable
(with a minimum cost recovery target of A™M), Amin <
A <1 is the water reuse cost recovery ratio, which is a
decision variable (with a minimum cost recovery target of
jminy C,(t) is the average-per-unit water system cost at
year ‘¢ ($1,000/million gallons), C,,,(?) is the average-per-
unit wastewater system cost at year ‘¢ ($1,000/million
gallons), C,(t) is the average-per-unit water reuse appli-
cations cost at year ‘# ($1,000/million gallons).

Development and depreciation of wastewater treatment
capacity are directed by the following equations:

Lo (1) = Max{ (1) - d(t) - (14 ) = Xoons (£)]/ T o (1)}
(22)

(i.e. wastewater treatment capacity is developed to keep
treatment capacities in balance with wastewater generation,
and to offset capacity depreciations)

sww(t) = Sww * wa(t) (23)

(i.e. a fixed asset depreciation (degradation) rate is assumed
for wastewater treatment capacities) where p,,, is the
wastewater treatment capacity reserve ratio, T, is the
wastewater treatment capacity development delay (year),
Sww 1S the wastewater treatment capacity retirement/
depreciation rate (1/year).

The average-per-unit costs used in (20) and (21) are
computed as:

_ B fz] cw(1)dt
Cu(t) = W (24)
_ B f; Cn(1)dt
= fawar
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Fig. 2 Water reuse planning SD model
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Fig. 3 Kalamazoo wastewater Carbon
treatment process ) Aerated Settlin. hon Aerated Tank .
| Screening (% Grit Channel [ anre [ Cl\l/ll:r(rllrl;ir > (Activated Sludge) [ CPlorine i»
1
= ft cr(t)dt SN . . . .
Ci(t) ="F—— (26)  where Y(¢) is the per unit financial assistance required at
Jxr(0)dr year 7’ ($1,000//million gallons)

where ¢, () is the wastewater treatment cost at year ‘7’
($1,000/year).

Wastewater treatment cost (cy, (7)) is comprised of
capital (capacity building), operational (collection, process,
etc.), and overload costs:

CWW(t) = Cv(vCVI/) (t) ) I (t) + CE]/OW) (t) ) xww(t)
Ly (1)

+ O
where CSSV) (#) is the unit capital cost of wastewater treatment
capacity development at year ‘¥’ ($1,000/million gallons),

(27)

CSV?V) (¢) is the unit operation cost of wastewater treatment at
year ‘' ($1,000/million gallons), fﬁﬁ(r) is the unit
wastewater treatment overload cost at year ‘z” ($1,000/
million gallons), L, (#) is the quantity of wastewater
treatment overload at year ‘#’ (million gallons/year)

and

Ly (1) = w(1)d(1)

(i.e. wastewater treatment overload occurs when
wastewater generation exceeds wastewater treatment, and
the excess wastewater is treated through the excess treatment
capacities of other wastewater treatment facilities in the
region)

for  CIS(1) = C\)(0)(1+4,)';
(1+4,)" ) = Cll(ro) (1 +1,)"

Similar to average water/wastewater treatment costs,
average water reuse application costs, and the associated
prices of water and reclaimed water, the average amount of
financial assistance required by water utility to compensate
un-recovered costs can be estimated by:

= Max{ [Cyy (1) + Co () — pu(t)] - e(t)
+T + Cuns(1) = py(1)] - x,(1), 0}

where ¥(¢) is the average required financial assistance at
year ‘t” ($1,000/year)

This amount could be compensated either indirectly by
municipalities and government (through subsidies) or
directly through increased water/reclaimed water prices. In
the second case, the utility will basically compute a “per
unit water reuse charge” and incorporate it into water/
reclaimed water prices as a tariff:
7(p _ 20

Y(l‘):m

— X (1) (28)

(1) = 9 (10)

(29)

(30)
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2.3 Model

Based on the CLDs (Fig. 1) and the above governing
equations, a SD model (as shown in Fig. 2) using Vensim
Professional simulation software (2010), which is equipped
with optimization and sensitivity analysis capabilities, was
developed. The performance of water/wastewater systems
with a water reuse component is simulated to identify the
optimal water/reclaimed water cost recovery ratios along
with the optimal quantity targeted for water reuse appli-
cations (as a percentage of the total wastewater generated).
These decision variables, along side water demand, drive
the policies of water—wastewater treatment/water reuse
capacity development for public water systems.

Estimating the per capita water demand, the model takes
into account future variations in influencing climatic and
economic factors such as temperature, precipitation, pop-
ulation, water recharge, and per capita GSP over the
planning timescale. Pessimistic and optimistic scenarios are
used to populate these parameters. Other techno-economic
parameters to consider are interest rate, capital and opera-
tional costs, and depreciation rates (to account for main-
tenance and replacements). The state (or level) variables to
monitor are population, inventory of water resources, and
water/wastewater treatment-water reuse capacities.

Per capita water demand is forecasted by Eq. 18 using
2008 baseline population and water demand, as an indi-
cator of current water treatment capacity and wastewater
quantity. The wastewater quantity defines the maximum
volume for reclaimed water applications. Having this upper
bound in place (according to Eq. 8), the balance between
potential water treatment savings and water reuse costs

Table 1 Scenario elements and their optimistic and pessimistic
growth rates

Scenario element Annual growth

Optimistic Pessimistic
Average summer temperature (%) 0.07 0.13
Average summer precipitation (%) 0.34 0.18
Per capita GSP (%) —1.50 0.60
Population (%) 0.09 0.38
Groundwater inventory® 98,000 73,000

4 Unit: million gallons/year
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Table 2 Parameters for Kalamazoo, Michigan case study SD simu- Table 2 continued
lation (in alphabetical order) -
Parameter Value Unit
Parameter Value Unit
Wastewater (generation) ratio 28/55 = 0.5091 -
Current average total summer 11.33 Inches (o(2))
precipitation (ASP(to)) Wastewater treatment capacity 2 Year
Current average summer 69° Fahrenheit development delay (7,,,)
temperature (AST (1)) Wastewater treatment capacity 10 % -
Current gross state product per ~ 32.612 $1,000/ reserve ratio (u,,,)
capita (GSP¥) (1)) person Wastewater capacity retirement/ 10 % 1/Year
Current population (n(f)) 248,407 Person depreciation rate (Sy,,)
Current water reuse capacity 0 Million
X, (1)) gallons
Current water treatment capacity 55 x 365 = 20,075 Million provides the optimal values for decision variables (water
(X (10)) gallons reuse quantity and cost recovery ratios) according to Eq. 1.
Current_ wastewater treatment 28 x 365 = 10,220 Million It should be mentioned that, in reality, treatment and
capacity (Xuw (fo)) gallons reuse capacities are maintained with minor upgrades of
Initial time (7o) 2008 - pumps, valves, replacement of tanks, etc. to keep their
Inflation rate (i;) 0.012 - capacity close to the design capacity, for quite a long time.
lenmum cost recovery ratio 100 % - But to do so, asset degradations should be compensated by
() new investments and maintenance. By considering three
Nominal interest rate (i,) 0.05 - different depreciation rates for water, wastewater, and
Planning scope (7)) 100 Year water reuse capacities in our model (Egs. 11, 14, and 23),
Reclaimed water price elasticity 1 - we are capturing various rates of degradations and the
factor (k) . ..
equivalent capacities that should be created to counter
Unit capital cost of water reuse 0.20 $1,000/ . .. . .
: P these degradations. This is not a capacity increase but
capacity development Million . .
(€ (1)) gallons rather a capacity balancing.
Unit capital cost of water 0.2259 $1,000/
treatment capacity Million
development (C(€) (1)) gallons 3 Case study
Unit capital cost of wastewater 0.2036 $1,000/
treatment capacity Million A small number of public water supply systems are iden-
development (C{{) (10)) gallons tified as “very large” (serving greater than 100,000 people)
Unit Operit(i)?n cost of water 0.10 $1,000/ and provide water to about 44 % of the population served
reuse (C,%(to)) g/:llllolgg by public water supply systems (EPA 2002). The Kala-
mazoo, Michigan li T 1 m represen
Unit operation cost of water 0.3502 $1,000/ “ az0o, C” gan public wate Supp y system represe ,ts a
treatment (C(9)(1o)) Million very large” water supply system in Great La.kes region.
gallons Kalamazoo County gets an average 34-36 in. of rain
Unit operation cost of wastewater 1.3364 $1,000/ annually with groundwater recharge capacity estimated at
treatment (C(9) (19)) Million 73-98 billion gallons per year (with approximately 65 % of
_ . gallons rain lost through evapotranspiration and 10 % as run-off to
Upper bound ratio for reclaimed 80 % - surface water) (Kalamazoo 2011a). Given the scale and
water demand (7)) . .
. groundwater dependence, this public water supply system
Water reuse capacity 5 Year . d . . h imal biliti
development delay (T,) is used to 1r?vest1gate the optlma' water. reuse capabilities
Water reuse capacity retirement/ 2 % 1/Year (from qua.ntlty and cost perspectlves) with respect.to pop-
depreciation rate (s,) ulation, climate, and economic development scenarios over
Water treatment capacity 2 Year the next 100 years (as climate scenarios are typically
development delay (T;,) developed for 100 years).
Water treatment capacity reserve 10 % - The Kalamazoo public water supply system supplies
ratio (1) about 55 million gallons per day while the Kalamazoo
Water treatment capacity 2% 1/Year wastewater treatment system (2011a, b), operating at a

retirement/depreciation rate

(s w )

53 % hydraulic capacity, is currently receiving a flow of
approximately 28 million gallons per day. The wastewater
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Table 3 Decision variables and their scenario-based optimal values

Scenarios Minimum cost Decision variables Objective function
recovery target (%)
Target water reuse Water cost Water reuse cost Net present total cost
quantity ratio, o* (%) recovery ratio, recovery ratio, of water treatment-reuse
2 (%) 2 (%) per $1,000 ()

Pessimistic 100 39 100 100 217,200

90 58 100 90 207,894

80 91 100 80 199,810

70 100 100 70 191,510
Optimistic 100 32 100 100 171,499

90 53 100 90 166,090

80 85 100 80 160,782

70 100 100 70 155,397

(b)
+ 40000

& )

3 >
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Fig. 4 Water demand, treatment, and reuse quantities estimated for a pessimistic and b optimistic scenarios

Fig. 5 Water and reclaimed
water prices estimated for

a pessimistic and b optimistic
scenarios

Fig. 6 Unit water treatment,
unit wastewater treatment, and
unit water reuse costs estimated
for a pessimistic and

b optimistic scenarios

@ Springer

$1000 / Million Gallons

$1000 / Million Gallons

Year

0
0 10 20 30 40 50 60 70 80 90

Year

() . (b)
25 2 ' —— Water Price -
o With Water
2 1 © 24 Reuse
(O]
1.5 1 8 1.5+ —— Reclaimed
= Water Price
1 1 = 14
~
0.5 4] 8 054 o —— Water Price -
o Without Water
&» Reuse
oH+r——————— ¢ o-—
0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90

Year

Year

Unit Water Reuse

Cost

Unit Water
Treatment Cost -
Without Water Reuse

Unit Water
Treatment Cost -
With Water Reuse

— — Unit Wastewater

Treatment Cost -

$1000 / Million Gallons

"0 10 20 30 40 50 60 70 80 90
Year

0 10 20 30 40 50 60 70 80 90
Year

Without Water Reuse

Unit Wastewater
Treatment Cost -
With Water Reuse




Stoch Environ Res Risk Assess (2013) 27:675-691

685

Fig. 7 Sensitivity of water
reuse quantities, prices, and
total system cost to unit capital
cost of water reuse ($1,000/
million gallons)
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treatment plant uses an activated sludge (bugs) processing
system, with a powdered activated carbon mechanism to
protect the bugs from strong toxins and to help dissolved
chemicals settle. Figure 3 is a representation of the pro-
cess followed in Kalamazoo wastewater treatment plant
(2011b).

Based on this baseline information and considering
future scenarios of population growth, climatic change (in
terms of temperature and precipitation) and economic
growth (in terms of per capita GSP) as presented in Table 1
(Easterling and Karl 2001; NCSL 2008; BEA 2009; TWC
2011; USCB 2011), as well as capital and operational
information (Kalamazoo 2008, 2009, 2010a, b, c), the
parameters of the water reuse planning SD model for a
100-year simulation are presented in Table 2 (also see the
Appendix section for further details about Vensim software
command lines, initial values and settings).

The pessimistic and optimistic scenarios represent the
boundaries that exist on forecasts for water resource
associated parameters in Kalamazoo County over the next
century. A pessimistic scenario, from a water resources
perspective, is associated with the highest forecasts on
population growth, economic development, and tempera-
ture rise (with reinforcing impacts on water demand) and
the lowest predictions for precipitation. In an optimistic

T (Yea) Time (Yex)

scenario, the parameters are set to reflect the least pressure
on water resources from both supply and demand per-
spectives. Table 3 presents the simulation results; mini-
mizing “Total Net Present Water Treatment/Reuse Costs”
with respect to “Target Water Reuse Ratio”, “Water Cost
Recovery Ratio”, and “Reclaimed Water Cost Recovery
Ratio”, as decision variables, for different minimum cost
recovery targets. Figures 4, 5, and 6 show the optimal
simulated trends of water reuse quantities, water/reclaimed
water prices, and the associated unit costs for a full cost
recovery target in both pessimistic and optimistic scenar-
ios, respectively.

In summary, the results indicate a significant level of
water reuse in Kalamazoo after an infrastructure build
delay. Findings also reveal that a decision to implement
water reuse can yield remarkably lower water withdrawals
in Kalamazoo. In addition, recovering and reusing over a
third of generated wastewater will pose almost no cost
burden on this public water supply system and the costs are
fully compensated by an equivalent reduction of water
treatment and wastewater transport costs. In the following
section, we will further explore and discuss these findings
and will perform a sensitivity analysis to identify key
influencing parameters in implementation of water reuse
schemes in the study area.
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Fig. 8 Sensitivity of water reuse quantities, prices, and total system
cost to unit operation cost of wastewater treatment ($1,000/million
gallons)

4 Result analysis

Reviewing Table 3 and Figs. 4, 5, and 6 reveals a number
of key findings. Water reuse capacity in Kalamazoo water
system at a targeted level of 32-39 % can be achieved with
a full cost recovery without increasing current prices. Also,
under any cost recovery target, the system would be able to
fully recover water treatment costs through water prices
(unless the prices are constrained by an upper bound rather
than unit cost). Water/reclaimed water prices in Fig. 5 (as a
ratio of unit costs) include an annual inflation rate of 1.2 %.
Given inflation, these prices (and unit costs) are actually
decreasing over time. This is due to the fact that Eq. 1
ensures that capacities being optimally developed align with
water treatment/reuse needs (increasing the productivity of
capacities and thus reducing the unit water/reclaimed water
treatment costs).

There is a clear trade-off between the amount of water
reuse and minimum cost recovery target. Higher (than the
above-mentioned) targets for water reuse require external
financial assistance in the form of subsidies and/or tariffs
because reclaimed water prices cannot fully recover the
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unit costs associated with water reclamation. This clearly
reflects the feedback structure presented in Fig. 1b.
Although an increase in reclaimed water quantities reduces
water treatment costs, it increases reclaimed water treat-
ment costs. In this sense, higher targets for water reuse lead
to an overall increase in total cost of the system reducing
its cost recovery capability. In an optimal setting, due to
the cost advantage expressed in Eq. 1, water reuse capac-
ities grow to a point where the sum of water reclamation
capital and operational costs equals water treatment cost
savings. At that point, a constant portion of water demand
can be met with reclaimed water (as shown in Fig. 4).

A higher demand for water in a pessimistic scenario
triggers a higher demand for reclaimed water compared
with the optimistic scenario. This yields a higher overall
system cost as more capacities for water reuse have to be
built to meet this elevated demand. This consequently
imposes higher prices for water/reclaimed water (Fig. 5),
which in turn limits the demand for reclaimed water
according to price-demand feedbacks captured in Fig. 1b.
As revealed from Table 3, in an optimal (cost) setting, the
reclaimed water prices are matching the minimum cost
recoveries. This is due to the fact that the system is to
achieve a minimum cost recovery (target) while main-
taining a competitive price for reclaimed water.

To further analyze the above outcomes, we assess the
sensitivity of the results obtained with respect to non-sce-
nario parameters listed in Table 2 (rows 9-29). Utilizing
Vensim software’s toolbox for sensitivity analysis, the val-
ues of these parameters were varied uniformly, within £
50 % of their model values (noting that from Eq. 15, we have
“reclaimed water elasticity factor < 1”). From this analysis,
Unit Water Reuse Capital Cost (in $1,000/million gallons),
Unit Wastewater Treatment Operational Cost (in $1,000/
million gallons), and Reclaimed Water Price Elasticity
Factor are identified as the most sensitive parameters of the
model. Figures 7, 8, and 9 capture the impact of these sen-
sitivities on recycled water quantity (in million gallons/
Year), reclaimed water price (in $1,000/million gallons), and
net present water system cost (in $1,000) for the pessimistic
scenario, respectively. The analysis performed for various
confidence levels, as shown in the first column of these fig-
ures, reveals that the sensitivities grow over time. This is a
natural consequence of employing an objective function
based on net present values. It is worth mentioning that the
area under the sensitivity graphs could capture the extent of
change while the share of yellow area (50 % confidence
level) could represent the speed of change.

Decisions on reclaimed water quantity and price are
more sensitive to water reuse capital costs (as shown in
Fig. 7) than to operational costs. This is an expected out-
come, considering the present value of these costs, as the
capital costs are upfront costs, while operating costs are
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Fig. 9 Sensitivity of water
reuse quantities, prices, and
total system cost to reclaimed
water demand elasticity factor
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on-going. Also, wastewater treatment operational costs are
more sensitive than water reuse operational costs because
this cost is remarkably higher than both water treatment
and water reuse operational costs and is included in both
water and reclaimed water prices. Thus, an increasing unit
wastewater treatment cost will decrease the relative dif-
ference between these prices, reducing the demand for
reclaimed water (as presented in Fig. 8). To have a steady
quantity of reclaimed water in water supply, a steady
(or decreasing) level of the above-mentioned unit costs
must be maintained. This requirement could be related to
the expected improvements in performance of water reuse/
wastewater treatment technologies along with the expan-
sion of water reuse markets globally (economy of scale).

The reclaimed water price elasticity factor reflects con-
sumers’ behavior toward reclaimed water and water reuse
programs. As presented in Fig. 9, an increasing elasticity
factor is associated with a decreasing public dislike for
reclaimed water, which triggers a higher demand for water
reuse (Dolnicar and Hurlimann 2010).

It should be mentioned that other parameters of the
model, which are associated with lower sensitivities
and variations in our case study, could behave differently if
we shift to a different jurisdiction. For example, there could
be volatilities in GDP (captured through water demand

function), interest and inflation rates (used in cost estima-
tions), subsidies and incentives (reflected in total cost),
wastewater generation trends (captured by a ratio), and
energy/carbon prices as part of unit cost estimations (Mo
et al. 2010) that can impose a significant challenge for
water reclamation projects.

5 Conclusions

This study developed a framework for water reclamation-
reuse planning and management. A SD approach was uti-
lized to capture this complex decision making process with
many temporal and feedback components, involving vari-
ous economical, technological, and environmental criteria.
The reclaimed water quantities and prices are identified
over a planning horizon by minimizing total net present
cost of the system. This decision problem was modeled and
analyzed with respect to future population, economic and
climate scenarios and was implemented in a case study
in Kalamazoo County, Michigan. It was revealed that a
decision to incorporate water reuse capabilities could yield
remarkably lower water withdrawals in Kalamazoo with
recovery of over a third of wastewater at almost no addi-
tional cost. Increasing the share of water reuse beyond this
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threshold requires external financial assistance in the form
of subsidies and/or tariffs as reclaimed water prices cannot
fully recover the unit costs associated with water recla-
mation. The main finding of this study was that a decision
regarding water reclamation and reuse is a case-specific
one and needs to be addressed through an integrated water—
wastewater system optimization model given the future
scenarios of climate change, population, and other regional
and technological factors. We should emphasize the fact
that the uncertainties and stochastic behavior were admit-
ted in scenario parameters of the model. In this sense, it
would be interesting to admit some degrees of uncertainty
in definition of non-scenario parameters of the model. For
instance, capacity development delays and inflation and/or
interest rates could be treated as stochastic parameters
reflecting the technical uncertainty and economic volatility
that could exist within the scope of planning. In addition,
this model can be applied to assess water reuse decision
making in other jurisdictions such as areas with water
scarcity, a more receptive population, or where desalina-
tion is or will be an option for increasing water supply.
There might be additional costs of using reused water in
some regions. For instance, salts tend to accumulate in the
system as more and more water is reused. It is not a
problem where water is low in salts. However, in areas
with high salt contamination in water, this would be a
major issue creating additional maintenance costs. Finally,
the proposed model can be expanded to incorporate other
potential benefits of water reuse, including reduction in
energy consumption and GHG emissions as well as energy-
materials recovery.
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Appendix: glossary of system equations as defined
in Vensim (in alphabetical order)

Average Summer Temperature = 69 * (1 + “Change
in Average Summer Temperature (Scenario)”)"(Time/
Time Unit)

“Average Unit Wastewater Treatment — Transport
Cost” = “Cumulative Wastewater Treatment — Trans-
port Cost”/Cumulative Water Demand

Average Unit Water Reuse Cost = IF THEN ELSE
(Cumulative Water Reuse > 0, Cumulative Water Reuse
Cost/Cumulative Water Reuse, 0)
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“Average Unit Water Treatment — Supply Cost”
= “Cumulative Water Treatment — Supply Cost”/
Cumulative Water Extraction

Capital Cost of WRC = Unit Capital Cost of WRC *
WRC Development

Capital Cost of WTSC = ACTIVE INITIAL (Unit Cap-
ital Cost of WTSC * “WTSC Development — Mainte-
nance”, 0)

Capital Cost of WWTTC = Unit Capital Cost of
WWTTC * “WWTTC Development — Maintenance”
“Change in Average Summer Precipitation (Scenario)”
= 0.0018

“Change in Average Summer Temperature (Scenario)”
= 0.0013

“Change in GSP Per Capita (Scenario)” = 0.006

Cost of Wastewater Overload = Unit Wastewater Over-
load Cost * Wastewater Overload

“Cumulative Wastewater Treatment — Transport Cost”
= INTEG (“Wastewater Treatment — Transport Cost”,
15738.1)

Cumulative Water Demand = INTEG (Water Demand,
20075)

Cumulative Water Extraction = INTEG (Water Extrac-
tion, 20075)

Cumulative Water Reuse = INTEG (Water Reuse, 0)
Cumulative Water Reuse Cost = INTEG (Water Reuse
Cost, 0)

“Cumulative Water Treatment — Supply Cost” = INTEG
(“Water Treatment — Supply Cost”, 11563.8)

GSP Per Capita = 32.6123 * (1 + “Change in GSP Per
Capita (Scenario)”)*(Time/Time Unit)

Inflation Rate = 0.012

Net Population Growth = Population * “Population
Growth Rate (Scenario)”

“Net Present Wastewater Treatment — Transport Cost” =
INTEG (“Wastewater Treatment — Transport Cost”/(1 +
Nominal Interest Rate)(Time/Time Unit), 15738.1)

Net Present Water Reuse Cost = INTEG (Water Reuse
Cost/(1 + Nominal Interest Rate)*(Time/Time Unit), 0)
“Net Present Water Treatment — Supply Cost”
= INTEG (“Water Treatment — Supply  Cost”/
(1 4+ Nominal Interest Rate)*(Time/Time Unit), 11563.8)
Nominal Interest Rate = 0.05

Operation Cost of Water Reuse = Unit Operation Cost
of Water Reuse * Water Reuse

Per Capita Water Demand = ACTIVE INITIAL (365 *
(90.659 — 4.726 * Perceived Water Price + 2.43 * GSP
Per Capita — 1.299 * Total Summer Precipitation +
0.777 * Average Summer Temperature + 16.514)/1e4-006,
0.0808)

Perceived Water Price = (Cumulative Water Extrac-
tion * Water Price + Cumulative Water Reuse +
Reclaimed Water Price)/Cumulative Water Demand
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Population = INTEG (Net Population Growth, 248407)
“Population Growth Rate (Scenario)” = 0.0038
Potential Demand for Reclaimed Water = MAX
(Reclaimed Water Demand Cap Ratio * Water Demand
* (1 — (Reclaimed Water Price/Water Price)”Reclaimed
Water Demand Elasticity Factor), 0)

“Reclaimed Water Cost Recovery Ratio (Deci-
sion)” = 1 (Initial)

Reclaimed Water Demand Cap Ratio = 0.8

Reclaimed Water Demand Elasticity Factor = 1
Reclaimed Water Price = IF THEN ELSE (Average
Unit Water Reuse Cost > 0, “Reclaimed Water Cost
Recovery Ratio (Decision)” * (Average Unit Water
Reuse Cost + “Average Unit Wastewater Treat-
ment — Transport Cost”), 0)

“Target Water Reuse Ratio (Decision)” = 1

“Total Net Present Cost (Objective)” = Net Present
Water Reuse Cost + “Net Present Water Treatment
— Supply Cost”

Total Summer Precipitation = 11.33 * (1 4+ “Change
in Average Summer Precipitation (Scenario)”)*(Time/
Time Unit)

Unit Capital Cost of WRC = 0.1

Unit Capital Cost of WTSC = 0.2259

Unit Capital Cost of WWTTC = 0.2036

Unit Operation Cost of Water Reuse = 0.1

Unit System Subsidy = Water System Subsidy/Water
Demand

Unit Wastewater Overload Cost = 2.866/Wastewater
Ratio

Unit Wastewater Treatment Operation Cost = 1.336
Unit Water Treatment Overload Cost = 1.3476

“Unit Water Treatment — Supply Operation Cost” =
0.3502

Wastewater Overload = [F THEN ELSE (Wastewater
Quantity > Wastewater Treatment, Wastewater Quan-
tity — Wastewater Treatment, 0)

Wastewater Quantity = Wastewater Ratio * Water Demand
Wastewater Ratio = 28/55

Wastewater Treatment = MIN(Wastewater Quantity,
“Wastewater Treatment — Transport Capacity”/Time Unit)
“Wastewater Treatment — Transport Capacity” = INTEG
(“WWTTC Development — Maintenance” — WWTTC
Depreciation, 10220)

“Wastewater Treatment — Transport Cost” = (Capital
Cost of WWTTC + Cost of Wastewater Over-
load + “Wastewater Treatment — Transport Operation
Cost”) * (1 + Inflation Rate)*(Time/Time Unit)
“Wastewater Treatment — Transport Operation Cos-
t” = Unit Wastewater Treatment Operation Cost *
Wastewater Treatment

“Water Cost Recovery Ratio (Decision)” = 1

Water Demand = DELAY FIXED (Per Capita Water
Demand * Population, Time Unit, 20075)

Water Extraction = ACTIVE INITIAL (IF THEN
ELSE (Water Inventory > 0, MIN(Water Demand —
Water Reuse, Water Inventory/Time Unit), 0), 20075)
Water Inventory = INTEG (“Water Recharge (Sce-
nario)” — Water Extraction, 850000)

Water Price = ACTIVE INITIAL (“Water Cost Recov-
ery Ratio (Decision)” * (“Average Unit Wastewater
Treatment — Transport Cost” + “Average Unit Water
Treatment — Supply Cost”), 0.197 * (1000/264.17))
“Water Recharge (Scenario)” = 73000

Water Reuse = MIN(Potential Demand for Reclaimed
Water, MIN(Water Reuse Capacity/Time Unit, Waste-
water Treatment))

Water Reuse Capacity = INTEG (WRC Develop-
ment — WRC Depreciation, 0)

Water Reuse Cost = (Capital Cost of WRC + Opera-
tion Cost of Water Reuse) * (1 4 Inflation Rate)(Time/
Time Unit)

Water Reuse Subsidy = MAX ((Average Unit Water
Reuse Cost + “Average Unit Wastewater Treatment —
Transport Cost” — Reclaimed Water Price) * Water
Reuse, 0)

“Water Reuse/Wastewater Ratio” = Water Reuse/Waste-
water Quantity

Water Subsidy = MAX((“Average Unit Wastewater
Treatment — Transport Cost” + “Average Unit Water
Treatment — Supply Cost” — Water Price) * Water
Extraction, 0)

Water System Subsidy = Water Reuse Subsidy + Water
Subsidy

Water Treatment = MIN(Water Extraction, “Water
Treatment — Supply Capacity”/Time Unit)

Water Treatment Overload = ACTIVE INITIAL (IF
THEN ELSE (Water Extraction > Water Treatment,
Water Extraction — Water Treatment, 0), 0)

Water Treatment Overload Cost = Unit Water Treat-
ment Overload Cost * Water Treatment Overload
“Water Treatment — Supply Capacity” = INTEG (“WTSC
Development — Maintenance” — WTSC Depreciation,
20075)

“Water Treatment — Supply Cost” = ACTIVE INITIAL
((Capital Cost of WTSC + Water Treatment Overload
Cost + “Water Treatment — Supply Operation Cost”) *
(1 4+ Inflation Rate)*(Time/Time Unit), 7120)

“Water Treatment — Supply Operation Cost” = “Unit
Water Treatment — Supply Operation Cost” * Water
Treatment

WRC Depreciation = Water Reuse Capacity ¥ WRC
Depreciation Rate

WRC Depreciation Rate = 0.02
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WRC Development = DELAY FIXED (MAX((“Target
Water Reuse Ratio (Decision)” * Wastewater Treat-
ment * Time Unit — Water Reuse Capacity)/WRC
Development Delay, WRC Depreciation), WRC Devel-
opment Delay, WRC Depreciation)

WRC Development Delay = 5

WTSC Confidence Level = 0.1

WTSC Depreciation = “Water Treatment — Supply
Capacity” * WTSC Depreciation Rate

WTSC Depreciation Rate = 0.02

WTSC Development Delay = 5

“WTSC Development — Maintenance” = ACTIVE
INITIAL (MAX((Water Extraction * Time Unit * (1 +
WTSC Confidence Level) — “Water Treatment — Supply
Capacity” )/WTSC Development Delay, WTSC Deprecia-
tion), 0)

WWTTC Capacity Confidence Level = 0.1

WWTTC  Depreciation = WWTTC  Depreciation
Rate * “Wastewater Treatment — Transport Capacity”
WWTTC Depreciation Rate = 0.02

WWTTC Development Delay = 5

“WWTTC Development — Maintenance” = MAX
((Wastewater Quantity * Time Unit * (1 + WWTTC
Capacity Confidence Level) — “Wastewater Treat-
ment — Transport Capacity”)/ WWTTC Development
Delay, WWTTC Depreciation)

References

Almasri MN, McNeill LS (2009) Optimal planning of wastewater
reuse using the suitability approach: a conceptual framework for
the West Bank, Palestine. Desalination 248:428-435

Alvarez-Vazquez LJ, Balsa-Canto E, Martinez A (2008) Optimal
design and operation of a wastewater purification system. Math
Comput Simul 79:668—682

Andrews JF (1994) Dynamic control of wastewater treatment plants.
Environ Sci Technol 28:434-440

Asano T, Burton F, Leverenz H, Tsuchihashi R, Tchobanoglous G
(2007) Water reuse: issues, technologies, and applications.
McGraw-Hill Professional, New York

AWWA (2008) Water reuse rates and charges: survey results.
American Water Works Association, Denver

Balkema AlJ, Preisig HA, Otterpohl R, Lambert FID (2002) Indicators
for the sustainability assessment of wastewater treatment
systems. Urban Water 4:153-161

BEA (2009) Per capita real GDP by state. Regional Economic
Accounts. Bureau of Economic Analysis (BEA 09-22).
Washington DC

Benedetti L, Dirckx G, Bixio D, Thoeye C, Vanrolleghem PA (2008)
Environmental and economic performance assessment of the
integrated urban wastewater system. J Environ Manag 88:
1262-1272

Chung G, Lansey K, Blowers P, Brooks P, Ela W, Stewart S, Wilson P
(2008) A general water supply planning model: evaluation of
decentralized treatment. Environ Model Softw 23:893-905

Cuthbert RW, Hajnosz AM (1999) Setting reclaimed water rates.
J Am Water Works Assoc 91:50-57

@ Springer

De Melo 1], Cfimara AS (1994) Models for the optimization of
regional wastewater treatment systems. Eur J Oper Res 73:1-16

Deviney FA Jr, Brown DE, Rice KC (2012) Evaluation of Bayesian
estimation of a hidden continuous-time Markov chain model
with application to threshold violation in water-quality indica-
tors. J Environ Inform 19(2):70-78

Dolnicar S, Hurlimann A (2010) Desalinated versus recycled water:
what does the public think? In: I.C. Escobar, and A.I. Schafer,
Editor(s). Sustain Sci Eng 2:375-388

Easterling DR, Karl TR (2001) Potential consequences of climate
variability and change for the Midwestern United States. U.S.
Global Change Research Program, Ch. 6:167-188. www.usgcrp.
gov/usgerp/nacc/midwest.htm. Accessed 9 Dec 2011

EPA (2002) Community water system survey 2000, EPA 815-R-02-
005A. US Environmental Protection Agency, Washington, DC

Exall K, Marsalek J, Schaefer K (2004) A review of water reuse
and recycling, with reference to Canadian practice and
potential: incentives and implementation. Water Qual Res J
Can 39:1-12

Guest JS, Skerlos SJ, Barnard J, Brucebeck M, Daigger G, Hilger H,
Jackson SJ, Karvazy K, Kelly L, MacPherson L, Mihelcic JR,
Pramanik A, Raskin L, Van Loosdrecht MCM, Yeh D, Love NG
(2009) A new planning and design paradigm to achieve
sustainable resource recovery from wastewater. Environ Sci
Technol 43:6126-6130

GWI (2009) Municipal water reuse markets 2010. Global Water
Intelligence, Oxford

Huang GH, Cao MF (2011) Analysis of solution methods for interval
linear programming. J Environ Inform 17(2):54-64

Jodicke G, Fischer U, Hungerbuhler K (2001) Wastewater reuse: a
new approach to screen for designs with minimal total costs.
Comput Chem Eng 25:203-215

Kalamazoo (2008) Comprehensive financial report (No. 12-31-08
CAFR). City of Kalamazoo, Kalamazoo

Kalamazoo (2009a) The 2009 adopted budget. City of Kalamazoo,
Kalamazoo

Kalamazoo (2009b) The 2010 adopted budget. City of Kalamazoo,
Kalamazoo

Kalamazoo (2009c) The 2010 Kalamazoo master plan. City of
Kalamazoo, Kalamazoo

Kalamazoo (2010c) Water and wastewater rate schedules (No. 557-2/
1/10). Department of Public Utilities, City of Kalamazoo,
Kalamazoo

Kalamazoo (2011a) Kalamazoo water facts: protect your water. City
of Kalamazoo. http://www.kalamazoocity.org/portal/water.php?
page_id=623. Accessed 9 Dec 2011

Kalamazoo (2011b) Kalamazoo water reclamation: facility design.
City of Kalamazoo. http://www.kalamazoocity.org/portal/govern
ment.php?page_id=567. Accessed 9 Dec 2011

Khan S, Yufeng L, Ahmad A (2009) Analyzing complex behavior of
hydrological systems through a system dynamics approach.
Environ Model Softw 24:1363-1372

Kranhold K (2008) Water, water, everywhere. Wall Str J, 17 Jan 2008

Leewongtanawit B, Kim JK (2009) Improving energy recovery for
water minimization. Energy 34:880-893

Lessard P, Beck MB (1991) Dynamic modeling of wastewater
treatment processes. Environ Sci Technol 25:30-39

Li YP, Huang GH (2011) Planning agricultural water resources
system associated with fuzzy and random features. J] Am Water
Resour Assoc 47(4):841-860

Li YP, Huang GH (2012) A recourse-based nonlinear programming
model for stream water quality management. Stoch Environ Res
Risk Assess 26:207-223

Li YP, Huang GH, Chen X (2009) Multistage scenario-based interval-
stochastic programming for planning water resources allocation.
Stoch Environ Res Risk Assess 23:781-792


http://www.usgcrp.gov/usgcrp/nacc/midwest.htm
http://www.usgcrp.gov/usgcrp/nacc/midwest.htm
http://www.kalamazoocity.org/portal/water.php?page_id=623
http://www.kalamazoocity.org/portal/water.php?page_id=623
http://www.kalamazoocity.org/portal/government.php?page_id=567
http://www.kalamazoocity.org/portal/government.php?page_id=567

Stoch Environ Res Risk Assess (2013) 27:675-691

691

Liu Z, Tong TY (2011) Using HSPF to model the hydrologic and
water quality impacts of riparian land-use change in a small
watershed. J Environ Inform 17(1):1-14

Mo W, Nasiri F, Eckelman MJ, Zhang Q, Zimmerman JB (2010)
Measuring the embodied energy in drinking water supply
systems: a case study in Great Lakes Region. Environ Sci
Technol 44:9516-9521

NCSL (2008) Assessing the costs of climate change-Michigan.
National Conference of State Legislatures, Washington, DC.
ISBN 978-1-58024-511-1

Nilsson J, Bergstrom S (1995) Indicators for the assessment of
ecological and economic consequences of municipal policies for
resource use. Ecol Econ 14:175-184

Orona G, Campos C, Gillerman L, Salgot M (1999) Wastewater
treatment, renovation and reuse for agricultural irrigation in
small communities. Agric Water Manag 38:223-234

Starkl M, Brunner N, Flogl WJ (2009) Design of an institutional
decision-making process: the case of urban water management.
J Environ Manag 90:1030-1042

Strutt J, Wilson S, Shorney-Darby H, Shaw A, Byers A (2008)
Assessing the carbon footprint of water production. ] Am Water
Works Assoc 100:80-91

TWC (2011) Monthly averages for Kalamazoo-MI. Weather Channel.
ttp://www.weather.com/weather/wxclimatology/monthly/graph/
USMI0442. Accessed 9 Dec 2011

UNESCO (2009) World water assessment program. The United
Nations World Water Development Report 3: water in a
changing world. UNESCO, Paris and Earthscan, London

USCB (2011) State and county quick facts: Kalamazoo, MI. US
Census Bureau, Washington, DC. http://quickfacts.census.gov/
qfd/states/26/26077.html. Accessed 9 Dec 2011

USGS (2002) Estimating water use in the United States: a new
paradigm for the national water-use information program,
Chapter 6: regression models of water use. Committee on USGS
Water Resources Research, National Research Council, National
Academy of Sciences, Washington DC

Vasiloglou V, Lokkas F, Gravanis G (2008) New tool for wastewater
treatment units location. Desalination 248:1039-1048

Vensim (2010) The Ventana simulation environment (Vensim)—
version 5.9e. Ventana Systems Inc. (Copyright © 1988-2010),
Harvard

Verhoeven JTA, Meuleman AFM (1999) Wetlands for wastewater
treatment: opportunities and limitations. Ecol Eng 12:5-12

Winz I, Brierley G, Trowsdale S (2009) The use of system dynamics
simulation in water resources management. Water Resour
Manag 23:1301-1323

Zimmerman JB, Mihelcic JR, Smith JA (2008) Global stressors on
water quality and quantity. Environ Sci Technol 42:4247-4254

@ Springer


http://ttp://www.weather.com/weather/wxclimatology/monthly/graph/USMI0442
http://ttp://www.weather.com/weather/wxclimatology/monthly/graph/USMI0442
http://quickfacts.census.gov/qfd/states/26/26077.html
http://quickfacts.census.gov/qfd/states/26/26077.html

	A system dynamics approach for urban water reuse planning: a case study from the Great Lakes region
	Abstract
	Introduction
	SD approach
	Problem definition
	Equations
	Model

	Case study
	Result analysis
	Conclusions
	Acknowledgments
	Appendix: glossary of system equations as defined in Vensim (in alphabetical order)
	References


