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a b s t r a c t

The growing development of technologies and processes for resource treatment and recovery is offering
endless possibilities for creating new plant-wide configurations or modifying existing ones. However, the
configurations’ complexity, the interrelation between technologies and the influent characteristics turn
decision-making into a complex or unobvious process. In this frame, the Plant-Wide Modelling (PWM)
library presented in this paper allows a thorough, comprehensive and refined analysis of different plant
configurations that are basic aspects in decision-making from an energy and resource recovery
perspective. In order to demonstrate the potential of the library and the need to run simulation analyses,
this paper carries out a comparative analysis of WWTPs, from a techno-economic point of view. The
selected layouts were (1) a conventional WWTP based on a modified version of the Benchmark Simu-
lation Model No. 2, (2) an upgraded or retrofitted WWTP, and (3) a new Wastewater Resource Recovery
Facilities (WRRF) concept denominated as C/N/P decoupling WWTP. The study was based on a pre-
liminary analysis of the organic matter and nutrient energy use and recovery options, a comprehensive
mass and energy flux distribution analysis in each configuration in order to compare and identify areas
for improvement, and a cost analysis of each plant for different influent COD/TN/TP ratios. Analysing the
plants from a standpoint of resources and energy utilization, a low utilization of the energy content of
the components could be observed in all configurations. In the conventional plant, the COD used to
produce biogas was around 29%, the upgraded plant was around 36%, and 34% in the C/N/P decoupling
WWTP. With regard to the self-sufficiency of plants, achieving self-sufficiency was not possible in the
conventional plant, in the upgraded plant it depended on the influent C/N ratio, and in the C/N/P
decoupling WWTP layout self-sufficiency was feasible for almost all influents, especially at high COD
concentrations. The plant layouts proposed in this paper are just a sample of the possibilities offered by
current technologies. Even so, the library presented here is generic and can be used to construct any
other plant layout, provided that a model is available.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

The purpose of the design and upgrade of conventional
waste(water) treatment plants (WWTPs) has traditionally been to
remove the residual organic compounds and nutrients contained in
the water to fulfil quality standards. Resource or energy recovery
was focused exclusively on obtaining energy from the biogas pro-
duced in anaerobic sludge digestion. This biogas production can
supply from a quarter to half of the energy requirements for a
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WWTPwith an activated sludge (AS) process (WERF, 2010;McCarty
et al., 2011; Puchongkawarin et al., 2015), which needs between 0.3
and 0.6 kWhm�3

treated water (Foley et al., 2010) to fulfil the energetic
needs of the plant. Nevertheless, this value is only one tenth of that
associated to the heat of combustion of organic compounds con-
tained in the wastewater (McCarty et al., 2011; Shoener et al., 2014;
Kokabian and Gude, 2015). Hence, if a greater proportion of this
energy was recovered, treatment plants could become self-
sufficient and producers of energy (Logan, 2004; Guest et al., 2009).

Recent concerns about climate change or sustainability have led
to an increasing awareness of the importance of resource recovery,
energyminimization and environmental impact assessment, which
in turn has resulted in tightening effluent standards. Under this
changing context, a new paradigm has emerged inwhichmunicipal
wastewater (MWW), traditionally considered to be a pollution
problem and an energy- and chemical-intensive activity with
excess sludge disposal issues (Gude, 2015), is starting to be thought
of as a continuous and sustainable source of chemical energy and
resources (Frijns et al., 2013). As a result, WWTPs are now consid-
ered to be Wastewater Resource Recovery Facilities (WRRF) from
which valuable products like chemicals, nutrients (mainly phos-
phorus, P), bioenergy (methane from anaerobic digestion) and bio-
products can be obtained (Keller, 2008; Guest et al., 2009). To make
this change possible, the water sector is developing new and

innovative treatment technologies, such as energy-efficient
nutrient removal or recovery technologies with Anammox, stru-
vite crystallisers, phototropic bacteria, high rate algae systems,
sludge pre-treatment processes, or systems for the production of
microbial polymers.

The most immediate step for reaching this goal is the updating
of existing plants in order to reduce overall operating costs and
recover resources. Thanks to the incorporation of new technologies
or different plant layouts, energy self-sufficientWWTPs is a feasible
goal (Jeppsson et al., 2007). Proof of this comes from the Strass and
Wolfgangsee-Ischl WWTPs in Vienna (Wett et al., 2007; Nowak
et al., 2011). As stated in the work of Batstone et al. (2015),
currently there are two extended philosophies to address the
transition fromWWTPs to WRRF's. One is the low energy mainline
(LEM) configuration, which focuses on using low strength anaer-
obic digestion processes for treating raw domestic sewage, fol-
lowed by nutrient removal processes (McCarty et al., 2011). The
other is the Partition-Release-Recover (PRR) configuration, which
focuses on a first stage of chemical oxygen demand (COD) and
nutrient accumulation in the solids, a second stage of release
through the digestion process, and a final stage of digestate treat-
ment (Verstraete et al., 2009).

In the literature there are numerous studies comparing different
plant layouts and analysing the energy consumption of

Nomenclature

Costactuator Actuator cost (V d�1)
CostChem Chemical agent specific cost (V kg�1)
CostdosageChemical agent globalcost (V d�1)
Costpoly Polyelectrolyte specific cost (V kg�1)
dp Particle size (m)
Dpipe Pipe diameter (m)
Dsti Impeller diameter (m)
fmoody Friction coefficient
Foversize Oversize factor
G Gravitational acceleration (m s�2)
G Velocity gradient (s�1)
Hin Input enthalpy (kJ d�1)
Hout Output enthalpy (kJ d�1)
HL Total head loss (m)
HLf Friction head loss (m)
HLl Minor losses (m)
HLs Static head (m)
kChem Dosage constant (gchem m�3)
kpoly,i Polyelectrolite and Total solids concentration ratio for

the sludge type i (gpoly kgTSS�1 )
Lpipe Pipe length (m)
_mi;in Inlet i phase mass flux (gE d�1)
MU Monetary unit (V d�1)
MWi Molecular weight of i gaseous phase components
nCEPT Chemically Enhanced Primary Treatment constant
Njs Impeller rotational speed required to just suspend the

particles (Hz, revolutions per sec.)
NP Power number
Pg,in Absolute gas pressure at the blower/compressor inlet
Pg,out Absolute gas pressure at the blower/compressor outlet
Qw Water flow rate (m3 d�1)
R Ideal gas constant (kJ mol�1 K�1)
S Impeller/tank geometry factor
Submergence Submergence (m)

Ti;in i phase inflow temperature (K)
Ti;out i phase outflow temperature (K)
TSSi Total suspended solids concentration in the phase i

(gSS m�3)
uw Average liquid velocity (m s�1)
Vi Volume of the i phase (m3)
Wactuator Electrical consumption of actuators (Wblow, Wpump,

Wstir, Wturbine, etc.) (kJ d�1)
Wblow Electrical consumption of blower or compressors (kJ

d�1)
Wpump Electrical consumption of pump (kJ d�1)
Wstir Electrical consumption of stirring (kJ d�1)
Wturbine Electrical consumption of turbine (kJ d�1)
XTSS Weight percentage of solids in the suspension

Greek Symbols
gammag,iHeat capacity ratio of the i gaseous phase components
hi Dynamic viscosity (kg m�1 s�1)
hblow Efficiency of blowers/compressors
hCEPT Chemically Enhanced Primary Treatment efficiency
hmax Chemically Enhanced Primary Treatment maximum

efficiency
hmin Chemically Enhanced Primary Treatment minimum

efficiency
hpump Efficiency of pumps
hstir Efficiency of agitation engines
hturb Efficiency of turbines
yi Kinematic viscosity of the i phase (m2 s�1)
4i Density (g m�3)

Subscripts
Comp Phase components
G Gaseous phase
M No. of state variables in the off-gas phase
S Solid phase
W Aqueous phase
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