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ABSTRACT

The natural water system maintains its dynamic equilibrium through a hydrological cycle that
involves a series of natural processes. Such a natural water cycle has been much disturbed by
human activities in the process of water use. An urban water system was thus modeled in this
paper as a series of artificial water cycles overlaid upon the natural water cycle. The system was
thermodynamically analyzed by calculating the entropy budget as AS=AS + A S where AS and
A S are the entropy increases due to natural and artificial contributions, respectively. The natural
water cycle free from human disturbance should possess the nature of self maintenance of water
and materials balance and could be assumed as a pseudo-reversible process with A.S — 0. A S was
then supposed as to be contributed by artificial disturbances on water quantity such as by water
withdrawal, and on water quality such as by pollutant discharge. A series of models were developed
for calculating A S. As a result of scenario analysis of urban water system in Xi'an, a metropolitan in
northwestern China, using these models, it was indicated that under the current condition of water
supply and wastewater treatment, if 20% of the treated wastewater could be reused, A S would be
decreased by 15.22% from the current level, while if the percent of treated wastewater reuse could
be increased to 40%, A,S would be decreased by 29.93%. Thermodynamic analysis thus provided
a tool for quantitative evaluation of the effect of urban wastewater reclamation and reuse.

Keywords:  Urban water system; Thermodynamic analysis; Entropy; Pseudo-reversible process;

Water reclamation

1. Introduction

Urbanization is a common trend in most of the fast
developing countries. Taking China as an instance, its
urbanization rate (percent of urban population) was only
17.92% in 1978 but rapidly increased to 45.7% in 2008
[1]. Such a high rate of urbanization resulted in a rapid

* Corresponding author.

expansion of existing cites and growth of new cities from
small towns and/or villages. This inevitably required
more concentrated supply of energy and resource, as
well as increased discharge of pollutants to the environ-
ment because measures taken for pollution control may
not always be sufficient to keep pace with the urbaniza-
tion rate [2]. In the field of water environment, there are
increasing debates on the simultaneous occurrence of
water shortage and water pollution due to urbanization
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[3]. The conventional mode of urban water system design
is questioned because it is based on a human-centric
philosophy of water supply to meet the demand of water
use and sewerage work to collect and discharge the used
water quickly and smoothly for protecting human health,
while the sustainability of the resource and environment
has seldom been taking into consideration [4-6]. From
an ecological viewpoint, a city can be considered as an
enlarged human settlement which in the primary time
was like an “ecological niche” for human beings, a special
species of organism that depended so much on the avail-
ability of natural resources [7]. It was only when human
beings mastered advanced technologies, especially in the
era of industrial revolution that the way for acquiring and
processing the resources was much changed. Facing the
worldwide water crisis, it becomes extremely necessary
for us to change our standpoint from human-centric to
nature-centric and find a new approach for assessing the
impact of human activities on natural waters.

For the assessment of natural waters, entropy theory
has provided a useful tool. The basic approach, as pro-
posed by Aoki in 1983 [8], was to calculate the entropy
production on the earth by using balance equations of
radiation energy and entropy. The method was used for
evaluating the annual entropy fluxes associated with
direct, diffuse and reflected shortwave radiation in Lake
Biwa, Japan [9]. In aquatic ecosystems such as lakes and
estuaries, it was considered that chemical, physical and
organic activities would be supported by chemical en-
ergy released by decomposition of macro-molecules in
organisms by respiration [10]. By using data of biomass
and respiration in trophic compartments in aquatic food
webs, entropy production could be well evaluated [11]
and a set of indices related to entropy production were
proposed as useful indicators of the eutrophication state
[12]. Based on the overproduction of entropy by crops
from excessive use of organic fertilizers, a thermodynamic
indicator was developed for assessing the sustainability
of agro-ecosystems [13].

An urban water system, as to be discussed in the
following sections, can be taken as an originally natural
aquatic system but much artificially modified to meet hu-
man needs. In such a case, the thermodynamic approach
abovementioned can be well referred but should be modi-
fied or extended for the calculation of entropy produc-
tion closely related to human activities. It thus becomes
the task of the present study to develop thermodynamic
models in which the reversible property of a natural water
system free from human disturbance is set as the baseline
and the entropy production due to human disturbance is
viewed as a quantitative measure of the “irreversibility”
on the urban water system. Water reclamation and reuse,
as is required and/or being practiced in many cities, is also
taken as an important activity in the analysis.

2. Theoretical considerations
2.1. Conceptual model of an urban water system

Let us consider firstly the natural hydrological cycle
and its disturbance by human activities. In a worldwide
scale, the natural hydrologic cycle is the cycling of wa-
ter through a series of natural phenomena including (i)
precipitation, the process for moisture in the atmosphere
to condense into droplets and fall to the Earth as rain or
snow, (ii) runoff, the process for water to flow over the
Earth as surface water or through the soil as ground-
water and finally return to the oceans, (iii) evaporation,
the process under the action of solar energy for water
to evaporate from the ocean surface and return to the
atmosphere. Such a water cycle is important for keeping
a worldwide or regional circulation of water in various
water bodies such as rivers, lakes, and groundwater aqui-
fers. On the other hand, the water cycle is also a process
of water purification that ensures the provision of fresh
water resources in the cycle by a series of physical, chemi-
cal, and biological reactions [14].

As human beings depend on natural water for sustain-
ing life, the scale of human disturbance on the natural
hydrological cycle became stronger and stronger with
urban development. From ancient time people found
traditional ways to take water from various water bodies
for daily use and then discharge the used water that goes
back to the water bodies through various routes. Because
the scale of the traditional water use is very small, the
disturbance on the natural water cycle is minor. However,
in a modern city the human disturbance is no longer
negligible and a large scale artificial water cycle is added
to the natural water system. The pollutant loading from
the artificial cycle to the natural cycle may be beyond the
self-purification capacity for the water bodies to maintain
“healthy”. For these reasons, human beings have nothing
to do but to take engineering measures to “protect” or
“cure” the natural water bodies, such as to practice water
purification and wastewater treatment [6].

Now we consider the composition of an urban water
system. From what discussed above, the urban water
system can be considered as many artificial water cycles
overlaid upon a natural water cycle. From a nature-centric
viewpoint, these artificial cycles that are related to various
human activities for water utilization expose both dis-
turbances on water quantity through water withdrawal
and on water quality through pollutant discharge. In this
way, a very simple conceptual model of the urban water
system can be depicted as shown in Fig. 1.

2.2. Thermodynamic principles

According to the second law of thermodynamics, the
entropy increase in a system can be written as

AS:@% (1)
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Fig. 1. Conceptual model of an urban water system.

where AS is entropy increase, B is the system boundary,
0Oq is any small change of energy or heat, and T is absolute
temperature.

Anisolated system is considered to be reversible if AS
=0, orirreversible if AS>0. However, since no ecosystem
could ever exist as an isolated system, the second law of
thermodynamics cannot be applied without adaptation.
One prevailing method is to consider that the change
in entropy for a non-isolated ecosystem is composed of
two parts: an endogenous contribution due to the inter-
nal processes as AS and an external contribution from
outside as A S [12]. Therefore, the total entropy increase
can be written as

AS=AS+AS @)

From a worldwide viewpoint, all the natural processes
in the hydrological cycle can be considered as internal
processes that bring about endogenous contribution to
changes in entropy, i.e. AS within the large natural aquatic
ecosystem, while the external contribution of A S is con-
sidered to be from human disturbances. Based on this
consideration, Eq. (2) can be used as the basic equation for
evaluating the entropy increase in the urban water system
shown in Fig. 1, with AS as the entropy increase due to
natural processes and A S as that due to human activities.

Although any natural process can only progress in a
direction which results in an entropy increase [12], it may
be reasonable to assume that the natural hydrological
cycle as discussed in 2.1 would be a pseudo-reversible
process by its nature of self maintenance of water and
materials balance. Of course, such an assumption should
be restricted to a comparatively short time span (e.g. the
time scale of human life) but not a long time span (e.g.
the time scale of natural evolution). We can thus assume
that the following condition almost holds for the natural
hydrological system, as well as the natural part of the
urban water system:

AS—0 3)

In this way, the task for evaluating the total entropy
increase in the urban water system will become a work
for evaluating A S, the entropy increase due to human
disturbances.

3. Mathematical models for AS calculation

The human disturbance to the water body may con-
sist of the disturbance on water quantity from water
withdrawal and the disturbance on water quality from
wastewater discharge, so A S can be expressed as

AS=DAS+YAS, 4)

where subscripts 1 and 2 denote the disturbance on water
quantity and that on water quality, respectively.

3.1. Entropy increase due to disturbance on water quantity

The calculation of A S, i.e. the entropy increase due
to the disturbance on water quantity is under a consid-
eration that any inflow or outflow from the water body
is associated with an entropy flow that can be calculated
from the gain or loss of heat and water temperature [12]:

Q

A5, = (5)
where Q is the change of heat caused by an inflow or
outflow (J), T is the corresponding water temperature
(K). The heat carried by a certain quantity of water can
be physically calculated as the product of its specific en-
thalpy and mass [12]. In a case when water is withdrawn
for urban water supply from a river basin at one location
(usually in the upstream) and after use the wastewater is
then discharged back to the same basin at another location
(usually in the downstream), Q will be caused by the heat
transfer from the water mass with higher temperature to
that with lower temperature. If the temperature difference
is AT, then Q can be calculated as:

Q=p(T)-V-W(T)=p(T)-V -C,(T)-AT ©)

where p(T) is the water density (kg:m=), Vis the quantity
of water flow with higher temperature (m?), h(T) is the
specific enthalpy of water (J-kg™), C (T) is the constant-
pressure heat capacity of water (J-K-"-kg™), T is the water
temperature (K).

The A S, calculated by Eq. (5) and Eq. (6) can be either
positive or negative according to the direction of heat
transfer. However, in most cases the water temperature
will be increased after its use for various purposes.
Therefore, heat will be transferred from the mass of the
discharged wastewater to the mass of the bulk water in
the receiving water body and result in an increase in
A,S, which equivalents to a change of the background
condition (i.e. water temperature increase) of the water



310 X.C. Wang et al. / Desalination and Water Treatment 32 (2011) 307-315

body. On the other hand, the calculated A S, can also be
viewed as the energy (heat) required for the bulk water
to recover its background condition (i.e. returning to the
original water temperature).

3.2. Entropy increase due to disturbance on water quality
3.2.1. Basic methods

In order to evaluate AS,, i.e. the entropy increase
due to the disturbance on water quality that is caused
by pollutant discharge to the water body, exergy is used
as a surrogating parameter for avoiding the difficulty of
direct calculation of heat or energy flow. Exergy (E ) can
be defined as an effective measure of the potential of a
substance to impact the environment [15]:

E, =T, (S, ~9) %)

where T| is the absolute temperature of the environment
(K), S, is the entropy of the environment, and S is the
entropy of the system at thermodynamical equilibrium
state. As the system under consideration has the same
temperature as the environment, its entropy change AS
can be expressed as:

AS =—* 3)

For a chemical substance, we can use its chemical
exergy to express its exergy at ambient temperature
and pressure [16], while for chemical compounds, their
chemical exergy expresses the amount of energy that
will be released when they react and the products reach
equilibrium with the surroundings [17]. The sum of vari-
ous shocks of environment by pollutants due to chemical
potential imbalance will be equal to the chemical exergy
of all the substances [18], which results in the following
equation for calculating the entropy increase A S, caused
by various substances discharged into the water body:

E,.
AS, =Y T”" )

0

where E . is the chemical exergy of substance j.

The chemical exergy of a substance is composed of
two components, namely the reaction exergy E, result-
ing from the chemical reactions necessary to produce
substances existing as stable components in the environ-
ment, and the concentration exergy E?, , resulting from the
necessary processes to match the chemical concentration
of the produced substances to their chemical concentra-
tion in the environment [16]. E!, and E? ; Can be calculated
by the following equations [19,20]:

Egh,j

=n,-W, =n,-(-A,G’) (10)

EZ

ch,j

C.
=n,RT, In— (11

C]/O

where 7. is the mole number of substance j (mol), W,, is
the ideal work (J-mol™), ArG® is the standard Gibbs free
energy (J-mol™), R is the gas constant (J-K'-mol™), T, is
the standard absolute temperature of the environment
(298.15K), ¢ is the concentrations of substance j dis-
charged into the environment, and ¢, is the concentration
of substance j in the environment.

The chemical exergy of substance j can thus be cal-
culated as:

C.
E, =E, +E, =n [RTO In—-- ArGeJ (12)

ch,j leo

By substituting Eq. (12) to Eq. (9), the entropy increase
caused by pollutant discharge can be calculated. In the
calculation, the background concentration of a pollutant
in the bulk water is taken as the termination of chemical
reactions to decompose the pollutant. The calculated A S,
is thus equivalent to the energy needed for the recovery of
the bulk water to its background condition (i.e. returning
to its original water quality).

3.2.2. Entropy calculation for typical pollutants in waste-
water

In this study, we take biodegradable organic matter
(BOM), nitrogen, and phosphorous as three typical pollut-
ants in wastewater which, when discharged into the water
body, may result in an entropy increase A S,. In order to
utilize Eq. (12) for calculating the chemical exergy, and
then to utilize Eq. (8) for obtaining A S,, we need to set a
series of assumptions regarding the molecular formula
and associated chemical reaction for each pollutant as
shown in Table 1.

For calculating the chemical exergy of each pollutant,
the background concentration of each pollutant in the
environment, i.e. in the water body, has to be set accord-
ing to the case of investigation. Under a consideration
that the pollutant discharged to the water body is often
of higher concentration than the background level, the
chemical reaction shown in Table 1 would terminate as
the pollutant concentration reaches the background level.

4. Case study
4.1. Case description

The mathematical models discussed above are utilized
to the case of the central city area of Xi'an, a large metro-
politan in northwestern China. In the year of 2010, a cen-
tralized water supply and sewerage system is provided
in the central city serving a population of 2.14 million.
The city is located in the Weihe River basin which is the
largest tributary of the Yellow River. For water supply,
the source water is mainly from a dam across a branch
river upstream of the city. The used water, including the
treated and untreated, is ultimately discharged to the
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Table 1

Assumed molecular structure and associated chemical reaction of typical pollutants in water

Typical pollutant Molecular formula  Chemical reaction Gibbs free energy Reference
(AG")

BOM CH,O CH,0+0,— CO,+H,0 -584.0 x 10° J-mol™! [21]

Nitrogen NH; NH; +20, - NO; + H,O +2H" -268.2 x 10° J]-mol™ [22]

Phosphorous PO> PO¥ +2H" - H.PO, -109.6 x 10° J-mol! [19]

Weihe River downstream of the city. Therefore, the urban
water system for this study can be depicted as Fig. 2 where
its natural part is the Weihe River system that provides
source water to the city and receives drainage from the
city, and its artificial part is the centralized water supply
and sewerage system.

As of 2010, the average per capita water consumption
is 0.6 m*-person-d™, including water for all purposes of
urban use such as domestic, industrial, municipal and
gardening etc. and the population served by water sup-
ply facilities is 2.14 million (100% coverage in the central
city). The percent of population served by sewerage facili-
ties is estimated as 88% while the percent of wastewater
treatment is 80%.

Because the Weihe River basin is within the water de-
ficient area in northwestern China, water reclamation and
reuse has been set as an important countermeasure for
mitigating water shortage. Several wastewater treatment
plants (WWTP) in Xi'an have already installed or begin
to construct water reclamation facilities, but the current
rate of reclaimed water supply is only about 2% through
the centralized system. However, the local government
has set a goal of 20% water reclamation and reuse by 2015
and 40% by 2020.

4.2. Scenarios for case analysis

Three scenarios are set as shown in Table 2 for ana-
lyzing the abovementioned urban water system in cen-
tral city area of Xi'an. The objective of the analysis is to
evaluate the environmental benefit from practicing water

Table 2
Scenarios set for analyzing the urban water system in Xi’an

Weihe River

T
‘WWTP ‘/V

ADam
\ a WWTP
/v Central city

Water works

Fig. 2. Urban water system in the central city area of Xi‘an.

reclamation and reuse in the study area under a condition
of current water consumption and wastewater treatment
scale but different level of water reuse.

In this case, the Weihe River including its main channel
and branch streams as a whole is taken as the natural part
of the urban water system, and to simplify the analysis,
variation of water quality in different section or location
of the river system is ignored. It is thus assumed to be a
river with quality in accordance with Class IV standard
that is the minimum requirement for river water quality in
this basin. If other conditions are unchanged, the impact
of water reclamation and reuse can be envisaged from two
aspects: one is the mitigation of the disturbance on water
quantity of the river system because of the substantial
decrease of source water withdrawal as well as the drain-

Scenario Circumstances Background surface water quality
I Current level of water consumption, current capacity of Class IV as set by the Chinese
wastewater treatment, none water reclamation and reuse Environmental Quality Standard for
. . Surface Waters (GB3838-2002)
II Current level of water consumption, current capacity of
wastewater treatment, 20% water reclamation and reuse
I Current level of water consumption, current capacity of

wastewater treatment, 40% water reclamation and reuse
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age back to the river, and another is the mitigation of the
disturbance on water quality in the river system because
of less amount of pollutants discharged to the river.

4.3. Analysis results

Table 3 is a list of the parameter values used for the
analysis. Empirical data are used for the temperature of
river water and wastewater, and untreated wastewater
quality.

By putting the parameters listed in Table 1 and Table 3
into Egs. (5)—(6) for evaluating A S, due to the disturbance
on water quantity, and Egs. (8)—(12) for evaluating A S,
due to the disturbance on water quality, a set of equations
for the case analysis can be obtained as shown in Table 4.
According to the empirical data, the annual average tem-
perature of river water in the study area is about 12°C
(285.15 K) and the wastewater finally discharged to the
river through the urban drainage is about 14°C (287.5 K),
it can be considered that as a result of wastewater dis-
charge, heat will be transferred from the wastewater to
the river system, and the calculated A S, value should be
positive, i.e. an entropy increase in the river system, by
using the equations shown in Table 4 and taking AT=2 K.

Fig. 3 shows the water budget for the case analysis.
From the source water, a volume of V_ is supplied for
fresh water supply to the city. As water reclamatlon and
reuse is also considered, the total quantity of water supply
willbe V. +V,.Inthe case study, 88% of the water used is
supposed to be collected by the centralized urban sewage
system. Of this amount, 80% is treated in the wastewater
treatment plants while the remaining 20% with a volume
as V, is directly discharged to the river system without
treatment The effluent from the wastewater treatment

X.C. Wang et al. / Desalination and Water Treatment 32 (2011) 307-315

Uncollected 12% of (V, o+ V)
A Discharge (untreated), V, ,
! R R R R R " To river
I 1 _
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BN yater use WESEUAEA Discharge | To river
Vio Collected treatment: V2

88% of (V,+ Vr)

: |

| |

L _____ R icgmﬁdllat_e r_ B VR_I
reclamation

Fig. 3. Water budget for the case analysis.

plants is either reclaimed for urban reuse (volume as
V) or discharged to the river system (volume as V).
The total quantity of wastewater discharged to the river
system is supposed to be V, which is the sum of V, and
V,,- To simplify the analysis, any lose of water quantity
in the process of wastewater collection, treatment, and
reclamation is not taken into account.

The analysis results are summarized in Table 5. In
the case of Scenario I, i.e. current level of water use and
wastewater treatment without water reclamation, the total
annual entropy increase is calculated as 1.38x10" J-K~' of
which XA S, i.e. the contribution of the disturbance on
water quantity, takes about 87.0% while A S, i.e. the con-
tribution of the disturbance on water quality, takes about
13.0%. When 20% of the treated wastewater is reclaimed
for urban water use while the other conditions are un-
changed (Scenario II), A S can be decreased by 15.22% or
2.1x10" J-K™ of which the decrease of XA S, takes about
90.48%. If the water reclamation rate is increased to 40%
(Scenario III), then A S can be decreased by 29.93% or
4.13x10" J-K™! comparing with Scenario I, of which the
decrease of XA S, takes about 92.25%.

Table 3

List of the parameter values for the analysis

Category Parameter Value Remarks

River water Organic matter (BOD,), ¢, 6.0 mg-L™ Chinese standard!
Nitrogen (NH,-N), ¢, , 1.5 mg-L™ Chinese standard'
Phosphorous (P), ¢;,, 0.3 mg-L™! Chinese standard’
Water temperature 12°C (285.12 K) Annual average®

Untreated wastewater ~ Organic matter (BOD,), c., 200 mg-L™ Empirical data
Nitrogen (NH,-N), ¢ , 40 mg-L™ Empirical data
Phosphorous (P), ¢;, 10 mg-L™ Empirical data
Wastewater temperature 14°C (284.12 K) Annual average®

Treated wastewater Organic matter (BOD,), c.., 20 mg-L™ Chinese standard?
Nitrogen (NH,-N), ¢, 8 mg-L™ Chinese standard?
Phosphorous (P), c,, 1.5 mg-L™ Chinese standard?
Wastewater temperature 14°C (284.12 K) Annual average®

!Chinese Environmental Quality Standard for Surface Waters (GB3838-2002), Class IV.
?Chinese Discharge Standard of Pollutants for Municipal Wastewater Treatment Plant (GB18919-2002), Class I-B.

*Empirical data.
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Table 4
List of equations for case analysis
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Equations'

Parameter explanations?

(1) 2A,S, due to quantitative disturbance

T,)-V,-C,(T,)-AT
Aesle—’“zp( W)V, G (L)
T T

w w

p(T)=1000.3-9.2x107(T - 273.15) - 4.8 x 10~ (T — 273.15)’
C,(T)=4.2154x10° - 3.1(T - 273.15) + 8.0 x 10 (T — 273.15)°
-8.0x107*(T —273.15)°

(2) XA,S, due to organic discharge (A SY)
Through untreated wastewater discharge

E v c
ASS = = (e —c, )[18.25 +0.077 In— Jx 10°
T, T Ceo

Through treated wastewater discharge

E v c
NS == =22 (e, —c, )(18.25 +0.077 In—2 jx 10°
L, T Ceo

(3) ZA S, due to nitrogen discharge (XA S}
Through untreated wastewater discharge

E' % c
A SNt = TN i (CN = Cyo )[19.16 +0.177 In =4 Jx 10°
T T ’ ’ c
0 0 N,0

Through treated wastewater discharge

E Vv c
e i (I —cNO)(19.16+0.1771n N2 }103
T T ' ' c
0 0 N,0

(4) ZA S, due to phosphorous discharge (XA ,ST)
Through untreated wastewater discharge

E ., V c
AS == (e, —c,, )[3.535 +0.081n i) x10°
LT

Through treated wastewater discharge

E, V c
ASH == =—2(c,, —C,, )(3.535 + o.oslnﬂj x10°

Q, — Heat transfer from the discharged wastewater
to the water body

V,  — Annual volume of wastewater discharge

AT — Temperature difference between the dis-
charged wastewater and water body
AT=T -T,

AS-! — Entropy increase due to organic discharge
through untreated wastewater inflow

A,S-* — Entropy increase due to organic discharge
through treated wastewater inflow

ASN' — Entropy increase due to nitrogen discharge
through untreated wastewater inflow

A,SN? — Entropy increase due to nitrogen discharge
through treated wastewater inflow

AS7' — Entropy increase due to phosphorous dis-
charge through untreated wastewater inflow

A,S7* — Entropy increase due to phosphorous dis-
charge through treated wastewater inflow

V,, — Annual volume of the untreated wastewater
inflow

\% — Annual volume of the treated wastewater

42 /
inflow

!"The equations for p(T) and C,(T) calculation are based on reference [23].
2 Other parameters appeared in the equations are explained in other tables or the text.

In alarge city such as Xi'an in this case, the withdrawal
of large amount of source water for water supply seems
to have much stronger impact than the discharged water
quality on the local water system if the calculated entropy
is used as a thermodynamic indicator. This is because
under the condition of this case, the A S, resulted from
1 m® water withdrawal is 2.56x10* J-K-!-m~ which is even
higher than the A S, of 1.54x10* ]-K™m~ resulted from the

discharge of 1 m® untreated wastewater. Therefore, with
a substantial decrease of water withdrawal as a result of
practicing water reclamation and reuse, the total A,S can
be effectively reduced.

Regarding the contributions of the three kinds of pol-
lutants to ZAKSZ, the discharge of untreated wastewater,
though with smaller volume (V,, in Table 5) than the
discharge of treated wastewater (V,, in Table 5) in each
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Table 5
Results of case analysis (J-K™)

IAS, TAS, AS=3AS +3AS,
TASE TA SY TAS?
ASS ASS? A SN AN TA S TA SP2

Scenario I: Vw/o =4.69x10° m>y™, V =4.13x10°m’>y™, V, =0, lel =0.83x10°m>y?, Vd,2 =3.30x10°m*y!

1.20x10% 1.05x10" 2.97x10M" 2.21x10M

1.46x10"

1.08x10° 5.09x10° 1.38x10%

Scenario II: V, =4.03x10°m*>y1, V =3.47x10°m>y~", V= 0.66x10°m’>y, V, = 0.83x10°m>y™, V,, = 2.64x10°m’>y™"

1.01x10% 1.05x10" 2.38x10" 2.21x10M"

3.34x10"

1.08x10™ 4.07x10° 1.17x10%

Scenario III: V, =3.37x10°m*>y™, V, =2.81x10°m*>y™, V, = 1.32 x10°m*>y™, V, =0.83x10°m’>y~", V,, =1.98x10°m*>y~!

8.19x10™ 1.05x10™ 1.78x10" 2.21x10"

2.51x10%

1.08x10" 3.05%10° 9.67x10"

'A,S calculation is on annual basis.

2V, is the annual source water withdrawal for urban water supply.

w,

3V is the wastewater collected and finally discharged to the water body and takes 88% of total water used (including reclaimed

water).
4 v, is assumed to be 20% of V. .
5 V,,is assumed to be 80% of V. .

scenario, has contributed much larger part, indicating
that much energy is needed for the degradation of the
pollutants in even a small volume of the untreated waste-
water discharged into the water body and brings about
a substantial entropy increase. It can also be seen from
Table 5 that the XA S&' due to organic discharge is about 1
order higher than XA S¥' due to nitrogen discharge and 2
orders higher than XA ST due to phosphorous discharge.
The higher Gibbs free energy A G° for BOM as shown in
Table 1 and its higher mole concentration 7, (related to the
concentration shown in Table 3) are the reasons for this.

5. Conclusions

This study tried to apply the entropy theory to the
analysis of the urban water system with attention mainly
paid to the disturbance of human activities, such as water
withdrawal, wastewater discharge, and water reclamation
and reuse, on the originally natural water system. By defi-
nition, an ecosystem, no matter natural or artificial, can
never experience no entropy production [12]. Therefore,
detailed calculation of the entropy increase from every
aspect is often a complicated task. In order to simplify
the analysis and find ways to evaluate and to compare
the extent of entropy increase due to human activities,
an assumption was made in this study that the natural
hydrological cycle is a pseudo-reversible process by its
nature of self maintenance of water and materials balance
so that any entropy increase due to natural processes can
be ignored in the analysis and the impact from human
activities can be viewed as the artificial disturbance on
the natural water system by using entropy as the thermo-
dynamic indicator. The human disturbance was analyzed

in two categories: one is related to the quantity of water
withdrawal and discharge and another is related to the al-
teration of water quality due to the pollutants discharged.
The models developed for calculating the corresponding
entropy increase were based on the energy (heat/exergy
as the equivalents) needed for the recovery of the water
system to its background condition.

By using the developed models for analyzing the
water system in the central city area of Xi'an under three
sets of scenarios of current condition of water supply and
wastewater treatment without water reclamation and
reuse, 20% treated water reuse, and 40% treated water
reuse, it was evaluated that by water reclamation and
reuse A S could be effectively decreased. Comparing with
the entropy increase due to qualitative disturbance, the
entropy increase due to water withdrawal was found to
be much larger in this case under the condition of tem-
perature difference as AT = 2 K between the discharged
wastewater and water in the river system. As water rec-
lamation and reuse could decrease the demand for fresh
water withdrawal and reduce the quantity of wastewater
discharge, its major effect was a remarkable decrease
of ZAS,. The effect of XA S, reduction was minor but
not ignorable. Thermodynamic analysis thus provided
a tool for quantitative evaluation of the effect of urban
wastewater reclamation and reuse although further im-
provement of these models and methods of calculation
are still needed.
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Symbols

oq — Energy or heat variation, J

B — System boundary

c, — Concentration of substance j, mg-L™

(T) — Constant-pressure heat capacity of water at

temperature T, J-kg™-K~!

E — Exergy, ]

E,, — Chemical exergy of substance j, ]

E,; — Reaction exergy, ]

E?,.  — Concentration exergy,

h(Tl) — Specific enthalpy of water at temperature T,
Jkg™

n, — Mole number of substance j, mol

p(T) — Water density at temperature T, kg:m=

Q — Heat of water body;, |

R — Gas constant, 8.314 J-mol™"-K!

— Entropy of the system, J-K™

— Entropy of the environment, J-K~*

AS  — Entropy increase, J-K™*

AS  — Entropy increase due to natural contributions,

JK

A,S  — Entropy increase due to artificial contributions,
JK

— Entropy increase from quantitative disturbance,
JK

— Entropy increase from qualitative disturbance,
JK

T — Absolute temperature, K

T — Absolute temperature of the environment,
298.15K

— Water temperature, °C

— Quantity of water flow with higher temperature,
m3

— Volume of wastewater discharge, m®

— Volume of water reclamation, m®

— Volume of wastewater discharge, m®

— Volume of water withdrawal, m?

— Ideal work, J-mol™

— Standard Gibbs free energy, J-mol™

YAS

1

YAS

e 2

SNUNS ST

AG

References

[1] H.-S. Fan, Urbanization Progress in China, People’s Press,
Beijing, 2009.

[2] Y. Jiang, China’s water scarcity. ]. Environ. Manage., 90 (2009)
3185-3196.

[3] X.C.Wangand PK.Jin, Water shortage and needs for wastewater
re-use in the north China. Wat. Sci. Technol., 53 (9) (2006) 35-44.

[4] P.A. Wilderer, In: P. Lens, G. Zeeman and G. Lettinga, Decen-
tralised Sanitation and Reuse, Concepts, Systems and Implemen-
tation, IWA Publishing, London 2001, pp. 39-54.

[5] N.Tambo, Urban metabolic system of water for the 21st century.
Wat. Sci. Technol.: Wat. Supply, 4 (1) (2004) 1-5.

[6] X.C. Wang and R. Chen, In: X. Hao, V. Novotny and V. Nelson,
Water Infrastructure for Sustainable Communities: China and
the World, IWA Publishing, London, 2010, pp. 199-211.

[7] W.E. Banks, F. d’Errico, A.T. Peterson, M. Vanhaeren, M.
Kageyama, P. Sepulchre, G. Ramstein, A. Jost and D. Lunt, Hu-
man ecological niches and ranges during the LGM in Europe
derived from an application of eco-cultural niche modeling. J.
Archaeol. Sci., 35 (2) (2008) 481-491.

[8] 1. Aoki, Entropy productions on the earth and other planets of
the solar system. J. Phys. Soc. Jpn., 52 (1983) 1075-1078.

[9] 1. Aoki, Entropy balance in Lake Biwa. Ecol. Model., 37 (1987)
235-248.

[10] I. Aoki, Min—Max principle of entropy production with time in
aquatic communities. Ecol. Complexity, 3 (2006) 104-108.

[11] 1. Aoki, Entropy law in aquatic communities and the general
entropy principle for the development of living systems. Ecol.
Model., 215 (2008) 89-92.

[12] A. Ludovisi and A. Poletti, Use of thermodynamic indices as
ecological indicators of the development state of lake ecosystems.
1. Entropy production indices. Ecol. Model., 159 (2003) 203-222.

[13] W. Steinborn and Y. Svirezhev, Entropy as an indicator of sus-
tainability in agro-ecosystems: North Germany case study. Ecol.
Model., 133 (2000) 247-257.

[14] ].S.Davidson, Self Purification, Kessinger Publishing, Montana,
2004.

[15] G. Bendoricchio and S.E. Jergensen, Exergy as goal function of
ecosystems dynamic. Ecol. Model., 102 (1997) 5-15.

[16] R.Rivero and M. Garfias, Standard chemical exergy of elements
updated. Energy, 31 (2006) 3310-3326.

[17] D. Hellstrém, An exergy analysis for a wastewater treatment
plant—an estimation of the consumption of physical resources.
Wat. Environ. Res., 69 (1) (1997) 44-51.

[18] M.A. Rosen and I. Dincer, Exergy analysis of waste emissions.
Int. J. Energy Res., 23 (13) (1999) 1153-1163.

[19] Z.Q. Zhu and Y.T. Wu, Chemical Engineering Thermodynam-
ics, 3th ed., Chemical Industry Press (in Chinese), Beijing, 2009,
pp. 152-172, 342.

[20] G.Q.Chenand X. Jia, Chemical exergy based evaluation of water
quality. Ecol. Model., 200 (2007) 259-268.

[21] A.Martinez and J. Uche, Chemical exergy assessment of organic
matter in a water flow. Energy, 35(2010) 77-84.

[22] Z]. Zhang, Drainage Engineering, 4th ed., China Architecture
& Building Press, Beijing, 2000, pp. 16-17.

[23] T.L.He, Water Treatment Chemicals Manual, Chemical Industry
Press, Beijing, 2000, pp. 546-548.



