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Abstract

Although the eutrophication phenomenon has been studied for a long time, there are still no
quantifiable parameters available for a comprehensive assessment of its impacts on the water
environment. As contamination alters the thermodynamic equilibrium of a water system to a state
of imbalance, a novel method was proposed, in this study, for its quantitative evaluation. Based
on thermodynamic analyses of the algal growth process, the proposed method targeted, both
theoretically and experimentally, the typical algae species encountered in the water environment.
By calculating the molar enthalpy of algae biomass production, the heat energy dissipated in the
photosynthetic process was firstly evaluated. The associated entropy production (AS) in the
aquatic system could be then obtained. For six algae strains of distinct molecular formulae, the
heat energy consumed for the production of a unit algal biomass was found to proportionate to
the mass of nitrogen (N) or phosphorus (P) uptake through photosynthesis. A proportionality
relationship between AS and the algal biomass with a coefficient circa 44 kJ/g was obtained. By
the principle of energy conservation, the heat energy consumed in the process of algae biomass
production is stored in the algal biomass. Furthermore, by measuring the heat of combustion of
mature algae of Microcystis flos-aquae, Anabaena flos-aquae, and Chlorella vulgaris, the
proportionality relationships between the heat energy and the N and P contents were validated
experimentally at 90% and 85% confidence levels, respectively. As the discharge of excess N and
P from domestic wastewater treatment plants is usually the main cause of eutrophication, the
proposed impact assessment approach estimates that for a receiving water body, the AS due to a
unit mass of N and P discharge is 268.9 kJ/K and 1870.1 kJ/K, respectively. Consequently, P
discharge control would be more important for environmental water protection.
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1. Introduction

Eutrophication associated with nutrients in the effluent from wastewater treatment plants
(WWTPs) has become a serious problem in aquatic environments (Cai et al., 2013). Of the many
nutrients required for plant growth, inorganic nitrogen (N) and phosphorus (P) are known to limit
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the growth of phytoplanktons, and so their input and enrichment in water are the main factors
inducing eutrophication (Statham, 2012). It has been demonstrated that the potential
eutrophication impact of WWTPs is mainly related to the discharge of sewage effluent to water
bodies, especially the N and P content in sewage effluent (Gallego et al., 2008). Secondary
effluent from WWTPs still contains nutrients, with total N (TN) and total P (TP) concentrations
ranging from 15 to 35 mg N/L and 4 to 10 mg P/L, respectively (Carey et al., 2013). The
eutrophication threshold for N-limited aquatic systems is 0.50-1.00 mg N/L, and that for P-
limited systems is 0.02-0.10 mg P/L (Lin et al., 2008). Moreover, inorganic N and P play
significant roles in algal cell growth and metabolism because N is needed for protein synthesis,
while P is required for DNA, RNA, and energy transfer (Conley et al., 2009; Cai et al., 2013).
Thus, the release of excess N and P from municipal WWTP effluent into the environment leads to
eutrophication, which consequently, cause excessive algal growth.

Cultural eutrophication, the process by which a freshwater ecosystem becomes over-enriched
with dissolved nutrients as a result of point and nonpoint source pollutant inputs, can cause
environmental effects that are directly related to algal proliferation (Strokal et al., 2017).
Nevertheless, although the eutrophication phenomenon has been studied for long, there is still no
quantifiable parameters available for a comprehensive assessment of its impact on the water
environment. The environmental impact of excessive nutrients discharge into a water body can be
measured as eutrophication, but the substantive issue is the change of the thermodynamic
equilibrium conditions of the water body. A water body in a healthy state is considered as an
ecosystem in chemical and thermodynamic equilibrium (Diaz-Mendez et al., 2013). When
secondary effluent containing excess N and P is discharged into the water body, the original state
of thermodynamic equilibrium will be altered. If the nutrient load exceeds the carrying capacity
of the water body, it can cause eutrophication due to a sharp increase in algal growth. In this case,
the water body is no longer in equilibrium, and the thermodynamic state shifts from a balanced to
an imbalanced status. Thus, by analyzing the thermodynamic state of the water body and by
identifying a thermodynamic indicator to evaluate this state quantitatively, the environmental
impact of excess nutrients discharge to the water body can be quantitatively assessed. The
disequilibrium of a system can become irreversible as a result of fluctuations in physical and
chemical factors, which destabilize the system and result in the production of entropy (Lucia,
2012). From a thermodynamic standpoint, the entropic distance from thermodynamic equilibrium
is the key quantity to consider when describing the state of an ecosystem (Ludovisi, 2014).
According to the second law of thermodynamics, entropy quantifies the system's evolutionary
course towards increasingly more probable states, while entropy production describes its
irreversibility. Moreover, the entropy production and the export of that entropy are considered to
belong to the most important controlling factors of the ecosystem (Mauersberger, 1996). Thus,
entropy production could represent the basis of a new approach to the impact assessment and be
used as a promising indicator to evaluate eutrophication caused by excessive nutrients discharge
quantitatively. Thermodynamics has some important features that allow it to be used to assess the
impact of pollutants. First, the thermodynamic approach provides a universal language to
compare different pollutants, which overcomes problems due to the individual characteristics of
pollutants (Ludovisi and Poletti, 2003). Second, it provides a general theoretical framework based
on the state of a system, which overcomes the problems of subjectivity.



In using entropy production as a tool for water environmental analysis, the basic thermodynamics
approach, as proposed in a previous study (Aoki, 1983), was to calculate entropy production on
the earth by using balance equations for radiation energy and entropy. The method was used to
evaluate the annual entropy production from entropy fluxes associated with direct, diffuse, and
reflected shortwave radiation in lakes (Aoki, 1987). In surface waters, it was considered that
chemical, physical, and organic activities would be supported by chemical energy released by
decomposition of macro-molecules in organisms by respiration (Aoki, 2006a; Aoki, 2006b).
Entropy production was successfully evaluated by using data of biomass and respiration in
trophic compartments in aquatic food webs (Aoki, 2008). Another study focused on the
correlation between entropy production indices and Carlson's trophic state index for several lake
ecosystems (Ludovisi and Poletti, 2003). The data reported in Ludovisi and Poletti (2003) were
used to calculate biotic and abiotic entropy production in lake ecosystems (Ludovisi, 2004). Later,
the ratio between the entropy produced and the stored exergy, which is the maximum amount of
useful work produced, by the biological component of an ecosystem was proposed as a
thermodynamic indicator for elucidating the evolution of ecological systems (Ludovisi et al.,
2005) and the developmental state of lake communities (Ludovisi, 2006). Furthermore, the net
radiative entropy exchange showed a significant correlation with phytoplankton successional
traits in the studied lakes (Ludovisi, 2012), and so entropy production was considered to indicate
the extent of biological activity in a lake (Ludovisi, 2014). Similar principles have been applied
to assess biological developmental states (Martyushev and Seleznev, 2006), the state and
sustainability of ecosystems (Chakrabarti and Ghosh, 2009; Meysman and Bruers, 2010), the
reduction and excessive consumption of resources (Diaz-Mendez et al., 2013), the utilization
efficiency of natural resources (Samiei and Froling, 2014), and the overall activity of ecosystems
(Lin, 2015). Most of the studies as mentioned above have focused on the long-term natural
evolution of the environment due to the shift in thermodynamic equilibrium conditions.

As cultural eutrophication is irreversible processes, they will result in entropy production
according to the second law of thermodynamics. Therefore, more sophisticated thermodynamic
analyses may be needed to estimate the impact of eutrophication due to excess N and P discharge
on the receiving water body. However, there is no calculation method to quantitatively evaluate
this impact based on thermodynamic principles. Considering that the impact of any
contamination is the change in state of a water system from thermodynamic equilibrium to
imbalance, this study presents, for the first time, thermodynamic analyses of algal growth
processes. For quantitative assessment of the impact of eutrophication due to the discharge of
excess N and P, we first establish a method for calculating entropy production in aquatic systems
caused by nutrient pollution, and then experimentally validate and apply this method to a case
study.

2. Theoretical calculation and experimental methods
2.1. Theoretical calculation methods
2.1.1. Calculation of standard molar enthalpy of formation of algae AH 44,.

The main causes of eutrophication in natural waters have been identified as N in the forms of
ammonium-N (N-NH;") and nitrate-N (N-NO;"), and P in the form of phosphates (PO,’")
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(Zamparas and Zacharias, 2014). In secondary WWTP effluents, N occurs mainly as NH," and
NOs", while P is predominantly in the form of PO’ ~. When the secondary effluent containing
excess nutrients is discharged into a water body, the worst condition is that all of the N and P
exist in the most biologically available forms. The most biologically accessible form of N is N-
NH,", because of its reduced state and energetically favorable assimilation. Thus, to assess the
impact of eutrophication, NHs~ and PO,’~ were used as the N and P sources for algal
photosynthesis, respectively. The essential elements of carbon (C), hydrogen (H), oxygen (O), N
and P, which provide the atomic-level skeletons for biomolecules constitute over 95% of
phytoplankton by mass. So, a general molecular formula of CiH,O,N{P,, can be utilized to
represent the algal biomass (Beal et al., 2012; Moore et al., 2013). Based on the overall process of
photosynthesis, the algae growth equation based on carbon dioxide (CO,), water (H,0), NH;" and
PO,’~ could be written as follows (Manahan, 2009):

xCO> +MH20 + tNH;; + mPO;~ —CxH,0,NPy,

y z Sm 3t B ,
*(HZ st I)oﬁ(r 2m)H (1)
where X, y, z, t and m are the molar numbers of the elements C, H, O, N and P forming the algal
biomass, respectively; CO,, H;O, NH.,, PO43 -, C\HyO, NPy, O; and H" are the carbon dioxide,

water, ammonium nitrogen, phosphates, algal biomass, oxygen and hydrogen ion, respectively.

For a reaction under constant pressure, the heat of the reaction (AQ) is numerically equal to the
enthalpy change of the reaction (A;H) (Atkins and de Paula, 2002). Thus, the total quantity of
heat energy exchanged with the environment as algal growth proceeds from its initial to its final
state at constant temperature and pressure can be determined by A;H, which is represented by the
photosynthesis equation. The standard molar enthalpy change of the photosynthesis reaction AH’
(kJ/mol) resulting from an algal growth process such as that represented in Eq. (1) can be
calculated as follows (Battley, 2011):

A,.HD => vp,.odAf Hgmd -2 VreacrAfH?em (2)

where, Vproq and vreacr are the stoichiometric coefficients of each product and that of each reactant
from Eq. (1), respectively; A/Hpmd() and AfH,eac,o are the standard molar enthalpy of formation for
each product and each reactant (kJ/mol), respectively.

If the standard molar enthalpy of formation of the reactants and products of a reaction or process
are known, AH” can be calculated by Eq. (2). The values of the standard molar enthalpy of
formation for the various substances (AfHn) represented in Eq. (1) can be found in the
thermodynamic database (Atkins and de Paula, 2002), except for the algal biomass, AfHjigae.
Therefore, to obtain the heat energy of an algal growth process, it is necessary to calculate
AHa1gae.

According to the combustion heat of algal biomass (ArHCO), a value for AfH,ge can be indirectly
calculated based on Eq. (2). The combustion reaction could be written in a general equation as
follows (Battley, 1999):
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where N, and P4O;¢ are nitrogen gas and phosphorus pentoxide, respectively; other parameters
are the same as in Eq. (1).

The method to estimate the ArHCO from its elemental composition and the degree of reduction s
based on the following empirical correlation (von Stockar and Liu, 1999):

AHY = —1151° (4)

y Z
S ——= 5
0 —a(x+ ¥+ 20-2) 5)
where, ¥ is the degree of reduction; X, y, z, and m are the same as in Eq. (1).

For an algal biomass with known molecular formula, its combustion reaction is assumed to be
represented by Eq. (3), and then A;H.” can be obtained by Egs. (4) and (5). Based on AH.’,
AfHaigae can be calculated from Eq. (2) with the stoichiometric coefficient for each component
involved in Eq. (3) and the A{H.,,’ for each reactant and product obtained from the thermodynamic
database (Atkins and de Paula, 2002)

2.1.2. Entropy production calculation based on photosynthesis

Entropy production (AS) is the entropy produced by irreversible processes occurring within a
system. For open systems, the variation in entropy production can be expressed as follows
(Svirezhev, 2000):

dS(t) = dQ(t)/T(t) (6)

where, dQ(t) is the heat energy dissipation caused by irreversible processes within the system (kJ)
and T(t) is the absolute temperature (K).

For a chemical/biochemical reaction under constant temperature, the entropy production of the
reaction can be expressed as follows (Battley, 1999):

AS = AQ/T (7)

where, AS is the entropy production (kJ/K); AQ is the heat energy heat energy consumption in the
reaction (kJ); and T is the absolute temperature (K).

The difference between the maximum and minimum temperatures at averaged depth is small
compared to the absolute temperature scale in a water body. Therefore, it can be approximated
that the temperature of the water body is about constant. Thus, entropy production can be
calculated by dividing the dissipation function by the annual average temperature of the water
body (Aoki, 2006a). The algal growth process, which is represented as photosynthesis in surface
water, is assumed to occur under constant pressure (atmospheric pressure, if the influence of

water depth is ignorable). Therefore, the enthalpy change of photosynthesis (A;H) is equal to AQ.
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The relationship between AH and the standard molar enthalpy change A;H® is A;H=n x AH".
Using AH instead of AQ in Eq. (7), the entropy production of nutrient uptake by algae can be
calculated as follows:

CAH! xn AQ; xm

ASi T Tor

(8)

where, AS; is the entropy production of algal growth due to nutrient discharge (kJ/K); A.H;" is the
enthalpy change of photosynthesis per 1 mol of nutrient taken up by algae (kJ/mol); n is the
molar number of nutrient taken up by algae (mol); AQ; is the heat energy consumption per unit
mass of nutrient taken up by algae (kJ/g); m is the mass of nutrient taken up by algae (g); and Ty,
is the average water temperature (K).

2.2. Experimental procedure
2.2.1. Algal strains and culture conditions

Strains of the freshwater algae Microcystis flos-aquae (FACHB-1028), Anabaena flos-aquae
(FACHB-245), and Chlorella vulgaris (FACHB-8) were purchased from the Freshwater Algae
Culture Collection of the Institute of Hydrobiology (FACHB-Collection), Chinese Academy of
Sciences (Wuhan, China). M. flos-aquae and C. vulgaris were cultured in BG-11 medium, while
A. flos-aquae was cultured in SE medium (Bristol's solution). The three algae strains were
cultured in 200 mL autoclaved medium in 500 mL conical flasks in a light incubator under the
following conditions: illumination intensity =3000 Ix, light/dark interval = 14 h/10 h,
temperature =25 £ 1 °C, and artificial intermittent shaking of three times per day. After
inoculation, the three algae strains were cultured as described above and harvested in the
logarithmic phase after 15-20 days when the stock suspension reached a cell density of
10° cells/L, as measured using a photomicroscope (Eclipse 90i, Nikon, Tokyo, Japan). The algae
were collected by centrifugation at 4000 rpm for 30 min in a refrigerated centrifuge (Sorvall RC 6
Plus, Thermo Scientific, Waltham, MA, USA) and freeze-dried using a vacuum freeze drier (FD-
1A-50, Boyikang Corp., Beijing, China) for storage in a desiccator at room temperature till
further use for biomass composition determination and combustion heat measurements.

2.2.2. Experimental analyses of algae

The percentages of C, H, N, and O in the total algal biomass were determined after complete
combustion of each sample using a CHNS/O element analyzer (Vario EL III, Elementar
Analysensysteme GmbH, Hanau, Germany). Other elements in the algal biomass samples were
analyzed using an X-ray fluorescence (XRF) spectrometer (S4 Pioneer, Bruker Co., Karlsruhe,
Germany). For the CHN/O analysis, freeze-dried samples were weighed in pre-cleaned tin/silver
capsules, placed inside the auto-sampler at a preset time, and then dropped into an
oxidation/reduction reactor kept at a temperature of 900—-1000 °C. For the XRF analysis, the
freeze-dried sample were prepared as pressed powder pellets of 23 mm in diameterand then were
kept in desiccators for at least 24 h to get rid of the moisture contents. The calorimetric values of
the freeze-dried samples were measured by bomb calorimeter (SDC 5015, Sundy Corp.,
Changsha, China) according to the ISO 1928:2009 standard (ISO, 2009). The experimental set-up
of the combustion bomb calorimeter is schematically shown in Fig. 1. After temperature
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equilibrium and preparation, the calorimeter was calibrated with benzoic acid of 99.999% purity,
which has a standard heat of combustion of — 26,456 J/g at 298.15 K. The initial temperature and
oxygen pressure of the combustion reaction were regulated to 298.15+0.01 K and 2.5 MPa,
respectively. The calibrated energy equivalent of the calorimeter was 18,604.99 + 8.14 J/K with a
precision of 4.38 x 10” *. Subsequently, the heat of combustion of samples were measured using
the calorimeter, which had been calibrated with benzoic acid. All experiments were carried out in
triplicate.
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Fig. 1. Schematic of the experimental procedures for bomb calorimeter analysis of algae

3. Results and discussion
3.1. Calculation of theoretical entropy production by algal growth due to nutrients discharge

For an algal biomass with known molecular formula, the following parameters were firstly
calculated according to the theoretical consideration presented in section 2.1.1: the heat of
combustion of the algal biomass (AH.'), the standard molar enthalpy of algae formation
(AfHaigee), and the standard molar enthalpy change of the photosynthesis reaction (AH).
Subsequently, the heat energy consumption per unit mass of N and P uptake by the algal biomass
when N is the limiting factor (AQy), and P is the limiting factor (AQp), respectively, were
obtained.

Based on the molecular formulae of the six different algal biomasses available in the literature
(Sansawa and Endo, 2004; Muioz and Guieysse, 2006; Chisti, 2007; Manahan, 2009; Beal et al.,
2012; Muioz et al., 2015), the values of ArHCO, AHaigae, ArHO, AQy, and AQp were calculated as
shown in Table 1. Overall, the values of AQy and AQp were found to increase with the ratios of
C:N and C:P. Fig. 2 shows the linear relationships of wy — A Qn and wp — A Qp using the
calculated data for the six algal biomass formulae (Table 1), where wy and wp are percentages of
N and P masses, respectively. AQy and AQp can then be obtained as follows:



(9)

(10)

AQpy = 560.82—33.555wy

AQp = 3992.3—-1652.8wp

Table 1. Key parameters for calculating theoretical entropy production by six algal biomasses of
distinct molecular formulae.

Molecular formula of algal Reference AH®  AHuE  AH™ AQy* AQp*

biomass (kJ/mol) (kJ/mol) (kJ/mol) (kJ/g) (kJ/g)

C1o6H131045N15P (Beal et al., 2012) —59,800 —8524.62 55,473.68 264.16 1789.47
Cs.7Hy 30, 3NPg o6 (Manahan, 2009) —3254.50 —433.78 2965.30 211.81 1594.24
C3.96H7.901.875N0.685P0.0530 (Sansawa and Endo, 2004) —2329.84 —397.66 213324 22244 1276.70
CH;70.4Ny.15P0.0004 (Muiioz and Guieysse, 2006) —568.90 —74.56 525.57  250.37 1803.61
CH; 8300.48No.11Po.01 (Chisti, 2007) —565.80 —96.69 53439  347.00 1723.83
CHj.6300.43N0.14P0.006 (Muiioz et al., 2015) —552.00 —-78.93 51123  260.83  2748.55

" Heat of combustion of algal biomass.

® Standard molar enthalpy of algae formation.
¢ Standard molar enthalpy change of photosynthesis reaction.
4 Heat energy consumption per unit mass of N uptake by algal biomass when N is limiting.
¢ Heat energy consumption per unit mass of P uptake by algal biomass when P is limiting.
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Fig. 2. Relationships between nutrient contents of algae and heat energy consumption per unit of
nutrient uptake by algae (a) nitrogen (b) phosphorus



As wy and wp are dimensionless, while the slopes and intercepts of Egs. (9) and (10) have the
dimensions of kJ/g, the dimension of AQy and AQp are also in kJ/g.

Assuming that the main components of TN and TP in the secondary effluent discharge are N-
NH;" and PO,’~, which are completely taken up by algal photosynthesis, the environmental
impact of excess nutrients can be then quantitatively evaluated by the entropy approach.
Substituting Egs. (9) and (10) into Eq. (8), the entropy production of nutrient uptake by algae can
be expressed as follows:

~ AQn xm  (560.82—33.555wy) x ACy x V

MSn=—r Tw

(11)

ASp — AQ;X m (3992.3—‘16527.‘81:1};:) x ACp x V (12)
w w

where, ASy is the entropy production of N uptake by algae when N is the limiting factor (kJ/K),
ASp is the entropy production of P uptake by algae when P is the limiting factor (kJ/K),
ACy= Cy— Cyp and ACp= Cp — Cpy are the excess TN and TP discharge into the water body as
the difference between the discharged concentration (Cx and Cop, g/m3 ) and the background
concentration (Cyno and Cpo, g/m3), and V is the volume of the secondary effluent discharge (m?).

In environmental assessment, the phytoplankton biomass content is usually considered as an
important indicator of eutrophication. Therefore, to obtain the relationships between algal
biomass content (m,) and heat energy consumption per unit of nutrient uptake by algae, the
corresponding values of m, in equivalent carbon units (g C/g) for the six algae with known
molecular formulae (Table 1) were calculated using the equation for the photosynthesis reaction.
A plot of AQyx and AQp versus m, (Fig. 3), using the calculated data shows that the heat energy
consumption tends to increase proportionally with the algal biomass content regardless of the
mass of N or P uptake by the algae. The proportionality coefficients of 43.784 and 43.449 klJ/g
were obtained, respectively, for the AQnx—m, and AQp—m, relationships. The highly similar
coefficients obtained indicated that the heat energy consumption is the same for the production of
1 g algal biomass either due to N uptake or P uptake. If 44 kJ/g is taken as the approximate
coefficient, the total entropy production by algal growth due to nutrients uptake can be obtained
following Eq. (8) as:

44m,
Tw
where ASpiomass 18 the total entropy production by algal growth due to nutrient uptake (kJ/K), m, is

the mass of algal biomass in equivalent carbon units (g C), Ty, is the average water temperature
(K).

ASIJiomass; = (1 3)

Based on the above analysis, Eqs. (11) and (12) can be used to evaluate the environmental impact
of excess N and P discharge into N-limited and P-limited aquatic systems, respectively.



Conversely, the environmental impact of algal growth due to nutrients discharge can be
calculated by Eq. (13) in terms of ASpiomass-
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Fig. 3. Relationships between algal biomass content and heat energy consumption per unit of
nutrient uptake by algae (a) nitrogen (b) phosphorus

3.2. Experimental verification

The molecular formula of algal biomass can be determined from the relative percentage of C, H,
O, N, and P present in the algal biomass, while AQyx and AQp can be indirectly obtained by
combustion heat analysis. Thus, the relationships between nutrient contents of algae and heat
energy consumption per unit of nutrient uptake by algae can be validated by elemental
composition and combustion heat analysis of the algal biomass.

According to the elemental composition of the three algae strains shown in Table 2, the molecular
formulae of M. flos-aquae, A. flos-aquae, and C. vulgaris can be written as C4.1H72N¢ 7501 .8P0.02,
C3.9Hg.9N0.6702.0P0.036, and Ca2H72Np 5501 9Pg 033, respectively. Based on the experimental data
obtained for the heat of combustion (AQ), the mean for M. flos-aquae, A. flos-aquae, and C.
vulgaris were —23.91, — 22.56, and — 23.43 kJ/g, respectively (with relative standard deviations
of 0.11%, 0.15%, and 0.09%, respectively). Using Eqs. (4) and (5), the theoretical heats of
combustion of these three algae strains were calculated as — 24.00, — 22.33, and — 24.21 kl/g,
respectively, according to their molecular formulae.
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From the experimental and theoretical heats of combustion obtained for the three algae strains,
AfHgjgae could be calculated by Eq. (2) on the basis of the combustion reaction. The corresponding
AQy and AQp could be then calculated by Eq. (2) on the basis of the photosynthesis reaction.
Table 3 shows the experimental and theoretical results of AQ, AQx, and AQp for M. flos-aquae, A.
flos-aquae, and C. vulgaris. It can be seen that the experimental values of AQy and AQp
decreased with decreasing numbers of N and P atoms. On the other hand, as shown in Tables 2
and 3, the experimental values of AQn and AQp decreased with increasing wy and wp,
respectively.

Table 2. Elemental composition of three algae strains.

Elemental composition (wt, %)
C H (0] N P

Alga

Microcystis flos-aquae 49.7+0.23 7.19+£0.17 28.1+0.21 10.5+0.12 0.624 +0.021
Anabaena flos-aquae 46.6 +£0.15 6.88 +£0.22 32.5+0.25 9.33+0.18 1.12+0.04

Chlorella vulgaris 49.8 £0.20 7.21+0.16 31.0+0.19 7.67+0.10 1.03+£0.03

Table 3. Comparison of experimental and theoretical values of algal heat of combustion (AQ) and
heat energy consumption per unit of N (AQy) and P (AQp) uptake by three algae strains.

Experimental value Theoretical value Difference Relative error

Name and formula of alga Index (kJ/g) kJ/g) (kJ/g) (%)

] , AQ ~2391 —24.00 0.09 -0.38
Microcystis flos-aquae AQx 198.42 195.07 3.35 1.72
(CarHr2NossO15Pu0o) AQp 3360.40 2929.55 430.85 14.7
AQ ~22.56 ~22.33 -0.23 1.03

fc”“’ﬁ"’"gﬂ"(s)"”{,”“e ) AQx 21060 233.66 —23.06 ~9.87

3TeIT0T2 070036 AQp 1770.71 2075.05 ~304.34 -14.7

) AQ ~23.43 ~2421 0.78 -322

%’:ﬁ’iﬁ‘s‘s’g‘j’; ’lﬁo ) AQy  275.52 293.72 - 18.20 ~6.20

A0SR AQ» 2073.82 2240.33 - 166.51 ~7.43

Table 3 also demonstrates the close similarity in the value of the experimental AQ for the three
algae strains to that of the theoretical calculation, with a maximum relative error of no more than
+3.22%. For M. flos-aquae, A. flos-aquae, and C. vulgaris, the relative error of the measured
AQn was within + 10%. Moreover, the measured AQy values for 4. flos-aquae and C. vulgaris
were less than the corresponding calculated theoretical values. By contrast, although the
differences between the measured and calculated AQp values were more pronounced, the relative
error of AQp for the three algae strains were within + 15%. More specifically for 4. flos-aquae
and C. vulgaris, the experimental values of AQp were less than the calculated theoretical values.
To understand more clearly the relative errors of the experimental results, the deviations between
experimental and theoretical results of AQyn and AQp for M. flos-aquae, A. flos-aquae, and C.
vulgaris are plotted in Fig. 4. It is demonstrated that the AQn—wy relationship identified in this
study can be used to measure the heat change of N uptake by algae at a 90% confidence level.
Also, the AQp—wp relationship can be used to measure the heat change of P uptake by algae at a
confidence level of 85%.
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Fig. 4. Deviations between experimental and theoretical heat energy consumption per unit of
nutrient uptake by three algae (a) nitrogen (b) phosphorus.

The possible reason for the deviations between experimental and theoretical results may be that
the general molecular formula of algal biomass only considered the five elements of C, H, O, N
and P, without considering the influence of other elements and the actual molecular structure of
algae in the whole analysis. Furthermore, the structure of the P element in algal cells may be
more complex than that of N, leading to larger relative errors for AQp. It is reported that in
addition to the five elements, other elements such as Ca, Mg, Fe, Zn, Cu, Mn, etc. were also
detected in algal biomass (Hognon et al., 2014; Gubelit et al., 2016). However, the essential
elements of C, H, O, N and P which provide the atomic-level skeletons for biomolecules
constitute over 95% of phytoplankton by mass (Moore et al., 2013). Furthermore, although the
molecular structures of specific strains is not considered, the elemental composition of
CH,O,NP,, for algae has mostly been reported for photosynthesis analysis (Manahan, 2009),
studies on algal-bacterial processes for the treatment of hazardous contaminants (Mufioz and
Guieysse, 2006), thermodynamic analysis of algal biocrude production (Beal et al., 2012) and
photosynthetic biogas upgrading processes (Mufioz et al., 2015). Nonetheless, experimental
results showed a relative error of AQ of less than 3.22%, and so the stoichiometric formula of
CHyO,N{P, can adequately represent the main characteristics of algae, especially the

thermodynamic characteristics. Therefore, this approach based on thermodynamic entropy
calculation is valid for quantitative impact assessment of algal growth caused by nutrient
pollution.

3.3. Application of entropy approach in a case study
12



In China, the high concentration of nutrients (N and P) in the effluent from WWTPs often
presents a major environmental problem. Nutrient fluxes to surface waters induces eutrophication
and subsequently, causes rapid algal growth, which, in turn, results in a deterioration of water
quality and severe environmental impacts to the water body. Upgrading of WWTP may be
necessary to meet the stricter future effluent quality requirements for nutrients. China's national
standard for WWTPs effluents is the Discharge Standard of Pollutants for Municipal WWTP (GB
18918-2002), which categorizes WWTPs effluents into Class 1A, Class 1B, Class 2 and Class 3,
of which Class 1A is the highest quality and Class 3 is the lowest. At present, as for WWTPs in
China, the most popular effluent standard is that of Class 1B (Jin et al., 2014). As the water
environment quality becomes increasingly degraded, many WWTPs should upgrade to meet
higher effluent requirements. In this case, WWTPs designed for the class 1B standard need to
upgrade to class 1A.

To evaluate the effect of a WWTP upgrade on nutrient loading to a receiving water body, the
effluent quality of Class IB for an existing WWTP (Case 1) and the effluent quality of Class [A
for the upgraded WWTP (Case 2) were considered. For the quality of the receiving water body to
conform to the Grade V standard, which is mainly applicable to the lakes for agricultural use and
landscape requirement, the background TN and TP concentration can be obtained from China's
surface water environmental quality standard (GB 3838-2002). The WWTP effluents and
receiving water quality for the two cases scenarios are shown in Table 4.

Table 4. Concentrations of nutrient parameters in case study WWTP effluents and receiving
water.

Case Parameter Concentrations (mg/L) in WWTP  Concentrations (mg/L) in receiving A4C=C-

effluent (C) water (Cy) Cy

Total( ;1Ii\t1r)ogen 20 2 18
Total ;zl%%s)phorus 1 0.2 0.8
Total( ;1Ii\t1r)ogen 15 2 13
Total ;zl%%s)phoms 0.5 0.2 0.3

The case study was conducted for the discharge per 10,000 m® (V = 10,000 m®) of secondary
effluent into the receiving water bodies. For the convenience of calculation, an algae molecular
formula of C;0sH131045N 5P, is assumed, and average water temperature was set at T,, =298.15 K
(25 °C). By using Egs. (11) and (12), when either N or P is the limiting factor, the entropy
production due to excess discharge of TN (ASy) or TP (ASp) for each scenario were obtained.

As shown in Fig. 5 and Table 4, for both the existing WWTP (Case 1) and the upgraded WWTP
(Case 2), the concentrations of TN were 20 times and 30 times higher than that of TP,
respectively. Moreover, ASy was 3 times and 6 times greater than ASp, respectively. A possible
reason for the larger ASy values is that either the concentrations of TN are rather high or that not
all the TN are in the form of NH,', or both. By comparing Case 1 and Case 2, when TN
concentrations decreased from 20 mg/L (Class 1B standard) to 15 mg/L (Class 1A standard), the
values of ASy reduced by 4.5 x 10°kJ/K. In contrast, when TP concentrations decreased from
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I mg/L (Class 1B standard) to 0.5 mg/L (Class 1A standard), the values of AS, reduced by
3.1 x 10* kJ/K. Overall, upgrading of the studied WWTP from Class 1B to Class 1A reduce the
ASn and ASp by 27.8% and 62.5%, respectively. Therefore, the effect of improving the TP
effluent quality from Class IB to Class IA was remarkable. Furthermore, reducing the TN and TP
by 1 mg/L, ASy and ASp were correspondingly reduced by 9.0 kJ/K and 62.7 kJ/K, respectively.
The reduction of AS implies less energy dissipation in the form of waste heat, which
consequently, results in a reduced negative impact on the environment. Therefore, it is
demonstrated that P is the determinative factor of eutrophication, from the thermodynamic
viewpoint. Thus, the most desirable eutrophication control strategy is to reduce P input to the
desired level.

2 00E+05
EASy
1.50E+05 - EASp
€ | EEd ==
2 1.00E+05 - £
N -
< :f
500E+04 - 7 :
0.00E+00 & é | W

Casel Case2

Fig. 5. Entropy production due to excess discharge of TN (ASx) or TP (ASp) for two case
scenarios of an existing Class IB (Case 1) and an upgraded Class 1A (Case 2) WWTPs effluents.

Based on the above analysis, stricter P discharge standards may be required to reduce the risk of
algal growth. Besides the national standard, every province and city may issue its own effluent
discharge standard, and the local standard must be stricter than the national standards. Beijing is
an example that has already issued and implemented its own local discharge standard of Water
Pollutants for Municipal WWTPs (DB11/890-2012), replacing the national standard in July 2012.
According to the DB11/890-2012, newly constructed/rehabilitated municipal WWTPs effluents
discharge to a Class IV or V water body shall comply with the B standard, requiring TN and TP
concentrations of no more than 15 mg/L and 0.3 mg/L, respectively. Compared to the Class IA of
GB18918-2002, the limit concentration of TP is reduced from 0.5 mg/L to 0.3 mg/L. This implies
a 66.7% ASp reduction for newly constructed/rehabilitated municipal WWTPs in Beijing. In
addition, the strictest local standard for WWTPs effluents in Beijing requires TN and TP
concentrations of no more than 10 mg/L and 0.2 mg/L. Therefore, to satisfy the demands for high
quality effluent, further advanced treatment technologies, such as membrane technology
including ultrafiltration (UF), nanofiltration (NF) and reverse osmosis (RO) are desperately
needed.
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4. Conclusions

Algal biomass production occurs via photosynthesis with associated heat energy dissipation, from
the thermodynamic viewpoint. This process inevitably alters the thermodynamic state of the
aquatic system, which can be evaluated by calculating AS. In the current study, by calculating the
molar enthalpy of six algae strains of distinct molecular formula, the heat energy consumed for
the production of a unit algal biomass was evaluated. Additionally, a proportionality relationship
was established between AS and the algal biomass with a coefficient of about 44 kl/g.
Proportionality relationships were also identified between the heat energy consumption and the
mass of N or P uptake by in the algal biomass. These relationships were further validated
experimentally by measuring the heat of combustion for three algae strains. Eventually, the AS
associated with algae growth in a receiving water body due to excess nutrients discharge could be
calculated for the quantitative assessment of the impact of eutrophication on the water
environment. The proposed method also enabled the comparison of N-limiting and P-limiting
conditions for eutrophication. Results from a case study scenario with WWTP effluent discharge
to a water body indicated that the AS due to a unit mass of P is 7 times of that due to N. It can,
thus, be concluded that P discharge control is more crucial for protecting the water environment.
Further studies are needed to provide greater insight into the mechanisms underlying the direct or
indirect interactions of nutrients with AS.
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