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A B S T R A C T   

Microalgae cultivation on liquid digestate from the anaerobic co-digestion of agricultural feedstocks is an 
interesting option for digestate nutrient removal and resource recovery coupled to biomass generation. Both the 
reactors considered in such a biorefinery system involve complex bioprocesses. Although different pilot-scale 
systems coupling anaerobic digestion and algae-based bioremediation processes have been described, no pre
vious attempts to model the entire system are available to date. In this work, a plant-wide model, named ADAB 
(anaerobic digestion algae-bacteria), is presented, coupling two well-established models for anaerobic digestion 
(IWA – ADM1) and algae-based bioremediation processes (ALBA). The models were modified with necessary 
equations and extensions to develop a dedicated model interface. Phosphorous dynamics were integrated, 
including activity corrections and precipitation processes. The ALBA model was also integrated with thermal 
modelling to simulate outdoor raceway ponds and greenhouse-covered systems. Solid/liquid separation units for 
digestate pre-treatment were also included. The prediction consistency of the adopted physicochemical sub- 
model (PCM) was verified with results from both reference literature and Visual MINTEQ. The reduced 
complexity of the PCM limits the model field of application, but it results in better computational performance 
and seems to be particularly suitable to simulate agro-zootechnical digesters. A scenario analysis including 
different co-digester design and operating conditions was carried out to assess the impacts on microalgae 
cultivation. It highlighted the importance of a proper biorefinery design and yet a noteworthy robustness of the 
system performance. The use of the ADAB model can facilitate a more realistic assessment of the technical, 
environmental, and economic feasibility of full-scale microalgal biorefineries based on digestate.   

1. Introduction 

According to the Statistical Report by the European Biogas Associa
tion (EBA), renewable biogas and biomethane could cover 35–62 % of 
the gas demand in Europe by 2050, thus helping the transition to an 
integrated net zero energy system by shaping the next energy mix [1]. 
Furthermore, anaerobic digestion (AD) plants are of paramount rele
vance in reducing methane emissions in the agricultural and waste 
sectors, as the methane naturally emitted from organic wastes is 
captured in a controlled environment, instead of being released into the 
atmosphere [2]. 

A direct consequence of the ongoing growth in the biomethane and 
biogas sector is the generation of huge amounts of digestate (up to 
90–95 % of the volume fed to the digester), that need to be properly 

treated and disposed to avoid further adverse environmental impacts 
[3]. The methanogenesis process generates two final products of interest 
in terms of environmental impacts. The first is biogas, that still contains 
a significant amount of CO2. The second is a stabilized digestate with 
high content of nutrients, including total nitrogen (TN), total phos
phorus (TP) and residual organics, mostly associated to unbiodegrad
able/recalcitrant compounds [4,5]. The implementation of circular 
economy principles in the field of AD requires the integration of tech
nologies capable of valorising both the gaseous and the liquid effluent 
streams, by converting dissolved and particulate components into value- 
added chemicals and biofuels [6]. For these reasons, the development of 
strategies for the sustainable management of digestate is required [7]. 

Digestate processing typically starts with solid–liquid (S/L) separa
tion, producing two fractions (solid and liquid) that can be managed 
separately, with lower costs and environmental impacts, mainly 
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associated to transportation [8]. Centrifuge, screw press, belt press and 
rotary drum are common technologies used for digestate S/L separation 
[9]. The solid phase is typically valorised as fertilizer, possibly after 
aerobic stabilization. Nevertheless, due to liquid fraction relevant 
contamination (in terms of nutrients and solids concentration), its safe 
release into the environment is not always guaranteed. In addition, 
when land availability is limited and/or in nitrate vulnerable zones, the 
treatment of the liquid fraction can be particularly challenging and 
costly. 

Since the liquid fraction of digestate still contains the majority of TN 
and TP [5], microalgae cultivation is viewed as a valuable technological 
solution for nutrients recovery from digestate [10]. Indeed, the signifi
cant amount of water and nutrient required for conventional microalgal 
cultivation is provided by digestate [11,12]; moreover, the peculiar 

metabolism of microalgae, including rapid growth rate and high 
adaptability to extreme environments, results in attractive performances 
in terms of pollutant removal, nutrient recovery, and production of 
microalgae biomass to be valorised into marketable end products 
[13–15]. 

Recent scientific literature illustrates the successful implementation 
of the ‘waste biorefinery’ approach when using the liquid fraction of 
anaerobic digestate to support microalgal growth, in terms of process 
efficiency [16–19], environmental impact [20,21], and economic 
feasibility [22,23]. However, the assessment of economic and environ
mental benefits deserves more research effort, since techno-economic 
disadvantages (such as land request and energy-expensive microalgae 
harvesting), as well as key knowledge gaps related to algae-bacteria 
interactions and their species-specific dependence on local climatic 

Nomenclature 

AcoD Anaerobic co-digestion 
AD Anaerobic digestion 
ADAB Anaerobic Digestion Algae-Bacteria 
ADM Anaerobic Digestion Model 
ALBA Algae-Bacteria 
AOB Ammonia Oxidizing Bacteria 
ASM Activated Sludge Models 
BSM Benchmark Simulation Model 
C Carbon 
COD Chemical Oxygen Demand 
DAE Differential Algebraic Equations 
DASSL Differential/Algebraic System Solver 
DCPD Dicalcium phosphate dihydrate 
DO Dissolved Oxygen 
EBA European Biogas Association 
faob,xaut Fraction of AOB from autotrophic bacteria 
fnob,xaut Fraction of NOB from autotrophic bacteria 
fxaut,xb Fraction of autotrophic bacteria from facultative bacteria 
fXc,Xch Fraction of particulate carbohydrates from complex 

particulate 
fxhet,xb Fraction of heterotrophic bacteria from facultative bacteria 
HAP Hydroxyapatite 
HRT Hydraulic Retention Time 
I Ionic strength (kmol eq⋅ m− 3) 
IWA International Water Association 
kcryst Crystallization kinetic rate coefficient (min− 1) 
khyd,Xch First order hydrolysis constant of particulate 

carbohydrates (d-1) 
km,aa Maximum uptake rate for amino acids degrading 

organisms (d-1) 
km,ac Maximum uptake rate for acetate degrading organisms (d- 

1) 
km,su Maximum uptake rate for sugar degrading organisms (d-1) 
N Nitrogen 
Nc Number of total components (as for the PCM 

nomenclature) 
NOB Nitrite Oxidizing Bacteria 
NRM Nutrient Recovery Model 
OCP Octacalcium phosphate 
ODE Ordinary Differential Equations 
OLR Organic Loading Rate 
P Phosphorus 
PCM Physico-Chemical Model 
PI Proportional-Integral controller 
PWM Plant-Wide Model 
RME Relative Mean Error 

S/L Solid-Liquid 
Sac Dissolved total volatile fatty acids (ALBA, g COD⋅m− 3) 
San Dissolved anions (ADM, kmol⋅m− 3) (ALBA, mol⋅m− 3) 
Sca Dissolved calcium (ADM, kmol⋅m− 3) (ALBA, mol⋅m− 3) 
Scat Dissolved cations (ADM, kmol⋅m− 3) (ALBA, mol⋅m− 3) 
Sch4 Dissolved methane (ADM, kg COD⋅m− 3) 
Sco2 Dissolved carbon dioxide (ADM, kmol⋅m− 3) (ALBA, 

mol⋅m− 3) 
Sco3 Dissolved carbonate ion (ADM, kmol⋅m− 3) (ALBA, 

mol⋅m− 3) 
Sh2 Dissolved hydrogen (ADM, kg COD⋅m− 3) 
Shco3 Dissolved bicarbonate ion (ADM, kmol⋅m− 3) (ALBA, 

mol⋅m− 3) 
SI Saturation Index 
Si Inert dissolved organics (ADM, kg COD⋅m− 3) (ALBA, g 

COD⋅m− 3) 
Sic Dissolved inorganic carbon (ADM, kmol⋅m− 3) 
Sin Dissolved inorganic nitrogen (ADM, kmol⋅m− 3) 
Sip Dissolved inorganic phosphorus (ADM, kmol⋅m− 3) 
Smg Dissolved magnesium (ADM, kmol⋅m− 3) (ALBA, mol⋅m− 3) 
Snd Dissolved degradable organic nitrogen (ALBA, mol⋅m− 3) 
Ss Dissolved biodegradable organic matter (ALBA, g 

COD⋅m− 3) 
TAN Total Ammoniacal Nitrogen 
TC Total Carbon 
TN Total Nitrogen 
TP Total Phosphorus 
TS Total Solids 
VFAs Volatile Fatty Acids 
Vgas Digester gas (headspace) volume (ADM, m3) 
Vliq Digester liquid (working) volume (ADM, m3) 
VS Volatile Solids 
Xacp Amorphous calcium phosphate, Ca3(PO4)2 (ADM, 

kmol⋅m− 3) (ALBA, mol⋅m− 3) 
Xc Complex particulate (ADM, kg COD⋅m− 3) 
Xccm Calcium carbonate, CaCO3 (ADM, kmol⋅m− 3) (ALBA, 

mol⋅m− 3) 
Xch Biodegradable particulate carbohydrates (ADM, kg 

COD⋅m− 3) 
Xfac Facultative aerobic biomass (ADAB, kg COD⋅m− 3) 
Xdec Anaerobic decayed biomass (ADAB, kg COD⋅m− 3) 
Xi Inert particulate organics (ADM, kg COD⋅m− 3) 
Xli Biodegradable particulate lipids (ADM, kg COD⋅m− 3) 
Xmag Magnesite, MgCO3 (ADM, kmol⋅m− 3) (ALBA, mol⋅m− 3) 
Xpr Biodegradable particulate proteins (ADM, kg COD⋅m− 3) 
Xs Biodegradable particulate organics (ALBA, g COD⋅m− 3) 
Xstru Magnesium struvite, MgNH4PO4 (ADM, kmol⋅m− 3) (ALBA, 

mol⋅m− 3)  
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conditions, may hamper a broad application of this combined technol
ogy. Moreover, pre-treatments might be necessary to mitigate the 
limiting or inhibiting effects of some physical (e.g., light transmittance) 
and chemical (e.g., ammonia toxicity, unbalanced nutrients ratio, pH, 
salinity) properties of liquid digestate on microalgae growth [9,24,25]. 

Since the feedstock type affects the characteristics of anaerobic 
digestates, an effective tool is required to predict and control liquid 
digestate properties and to understand the flows of nitrogen and phos
phorus in the integrated system. In this perspective, reliable mathe
matical models would be of paramount usefulness for scenario analysis, 
process control and optimization, as already demonstrated with the 
Activated Sludge Models (ASM) [26], the Anaerobic Digestion Model 
no.1 (ADM1) [27], the Nutrient Recovery Model (NRM) [28], and the 
most recent algae-bacteria model (ALBA) [29]. However, mathematical 
models for different applications can strongly vary in terms of state 
variables. To this aim, ad-hoc model interfaces have been developed 
over the last decades [30–32], and plant-wide modelling has been 
applied to biological wastewater treatment processes [33,34]. In 
particular, the coupling of ASM and ADM with a dedicated two-way 
model interface showed to be a relevant advancement for bench
marking and integrated assessment of wastewater resource recovery 
facilities [35,36]. Nevertheless, plant-wide models for coupling the 
process of AD with microalgae-based digestate treatment are still 
missing. 

The aim of this work is to provide a comprehensive plant-wide 
modelling and simulation framework, integrating all the relevant pro
cesses to accurately describe microalgae cultivation within biogas 
plants. To this purpose, based on existing and well-established mathe
matical models and on previous model integration efforts, an interface is 
here proposed between extended versions of the ADM1 and of the ALBA 
model, with the inclusion of greenhouse pond thermal models for tem
perature dynamics. This novel attempt to couple the two mechanistic 
models in a plant-wide approach has a potentially relevant application 
in the industrial development and optimization of microalgae-based 
digestate treatment processes. 

2. Materials and methods 

2.1. Model development 

The plant-wide biorefinery model proposed in this work and named 
ADAB (anaerobic digestion algae-bacteria) was developed by coupling 
existing published models for anaerobic digestion (ADM1) and micro
algae cultivation (ALBA). Both models have been extended with all the 
processes and state variables required to properly describe microalgae- 
based digestate treatment, as reported in the plant layout of Fig. 1 
(further detailed in section 2.2.3). Models’ extensions are described in 
sections 2.1.1 and 2.1.2, whereas the physicochemical model adopted 
and the dedicated ADM1-ALBA interface are introduced in sections 2.1.3 
and 2.1.4, respectively. Digestate pre-treatment and final harvesting 
were also included in the model, using a simplified approach as 
described in section 2.1.5. Modified Gujer matrixes are reported in 
Tables S1 to S4 (Supplementary Material). 

2.1.1. ADM1 extensions 
Despite the ADM1 was originally developed to simulate the AD of 

waste sludge, its effectiveness to also model anaerobic co-digestion 
(AcoD) has been widely proven [37]. Modifications to ADM1 are 
commonly applied to enhance its ability to accurately predict the 
anaerobic degradation of feeding substrates different from waste sludge 
[38] by including new intermediate products [39], new compounds 
[40], or by using dedicated kinetic models to properly describe the 
disintegration/hydrolysis step [41,42]. In the ADAB model, such mod
ifications were not introduced to keep the approach to different feeding 
substrates as broad as possible, but general extensions and changes to 
the ADM1 were implemented. 

2.1.1.1. AcoD feedstock model. To adapt the ADM1 to different agri
cultural feedstocks, the original complex particulate variable Xc was 
removed, and decay products were directly re-allocated among partic
ulate degradable (Xch, Xpr and Xli) and undegradable (Xi, Si) organic 
matter [31,43]. Accordingly, disintegration was neglected and, for each 
waste, the hydrolysis of carbohydrates, proteins and lipids was modelled 

Fig. 1. Layout of the agro-zootechnical case-study for microalgae cultivation on digestate (modelled units are shown with a light-grey filled label).  
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without any differentiation among co-substrates, thus preventing the 
implementation of a two-step approach as proposed by the GISCOD 
model approach [37], where the enzymatic hydrolysis and the subse
quent metabolic reactions are kept separated. A “conversion block” 
converts typical analytical determinations of influent feedstocks into 
input variables in their “model state form”, according to the COD frac
tioning proposed by Lübken et al. [44]. Downstream, ideal mixing is 
applied to feeding co-substrates. 

2.1.1.2. Phosphorus (P) implementation. Beyond COD, the ADM1 only 
describes carbon (C) and nitrogen (N) transformations. Since a proper 
prediction of macro-nutrient concentrations in the liquid fraction of 
digestate used as microalgae growth medium is crucial, phosphorus (P) 
transformations were added in the biokinetic model, as previously 
proposed by Flores-Alsina et al. [45]. Accordingly, the state variable Sip 
(dissolved inorganic phosphorus) was introduced using a source-sink 
approach (biological assimilation/release), considering the elemental 
composition (C, H, O, N, and P) of each component and allowing to 
include phosphorus limitation [45]. Storage processes related to the 
presence of phosphorus accumulating organisms, such as the release of 
phosphates and the accumulation of volatile fatty acids under anaerobic 
conditions, were neglected, but should be included if activated sludge is 
fed as co-substrate. 

2.1.2. ALBA extensions 
The model used to describe the microalgae cultivation section is the 

ALBA model, proposed by Casagli et al. [29], to simulate the growth of 
algae-bacteria consortia that treat wastewaters. This comprehensive 
mechanistic model has been previously used to describe and optimize 
microalgae cultivation systems fed with municipal wastewater or 
digestate, and has been validated using long-term datasets, including 
winter periods, and catching both nychthemeral and seasonal dynamics. 
The original model includes dynamic processes for the growth of 
microalgae and aerobic bacteria (heterotrophic, ammonia-oxidizing, 
and nitrite-oxidizing bacteria). Biological processes are modelled 
based on reaction stoichiometries, while kinetics account for the specific 
dependence on substrate and nutrient limitation/inhibition, as well as 
on the main environmental conditions, i.e., light, temperature, pH, and 
dissolved oxygen (DO). The modifications applied to the original ALBA 
model are detailed below. 

Implementation of volatile fatty acids (VFAs). An additional hetero
trophic bacterial metabolic pathway on VFAs was included introducing 
a new state variable (Sac). The bacterial growth on VFA is modelled as 
the original processes on Ss (i.e., with the same kinetics and stoichi
ometry), but the elemental composition of the new state variable was set 
to the algebraic average of single VFAs contents. 

Thermal modelling. Thermal sub-models describing heat exchanges 
among the pond and the surrounding environment were implemented in 
the ALBA model. More precisely, three cases of microalgae cultivation 
systems were considered: i) conventional outdoor open-air ponds, ii) 
ponds covered by a single-cover greenhouse, and iii) pond covered by a 
double-covers air-inflated greenhouse. Greenhouse covers are of interest 
for limiting biomass contamination from the external environment, thus 
improving the algal biomass purity, and favouring its valorisation. 

The thermal model for the open-air configuration was implemented 
as done by Casagli and Bernard [46,47]. Thermal models for the culti
vation under greenhouses (either one or two covers) were implemented 
according to Rossi et al. [48], based on the greenhouse-pond model 
derived by Li et al. [49]. All the described thermal sub-models have been 
previously calibrated and validated in similar climatic conditions and 
treating similar wastewaters. As the cultivation performance is strongly 
sensitive to temperature and depends on the strain-specific thermal 
response [48,50–52], a simple conditional proportional–integral 
controller (PI) was implemented to allow for the possible control of the 
pond temperature within specific temperature bounds. 

2.1.3. Physicochemical sub-model 
The Generalized Physicochemical Model (PCM) [53] was taken as 

reference for an accurate prediction of dissolved inorganic nutrients 
availability (with particular focus on the inorganic P). Compared to the 
original ADM1, more inorganic components and acid/base equilibria 
were included to account for carbonate and phosphate precipitation: 
three liquid phase inorganic carbon species (dissolved carbon dioxide 
Sco2, bicarbonate Shco3, and carbonate Sco3) and four inorganic phos
phorus species (phosphate Spo4, hydrogen phosphate Shpo4, dihydrogen 
phosphate Sh2po4, and phosphoric acid Sh3po4). Furthermore, three 
cationic total components (potassium, calcium, and magnesium) were 
added, taking part only to chemical transformations, thus neglecting 
biological assimilation/release and metabolic limitations. Potassium 
was included given its high concentration in AcoD digestates [4] and 
due to its agronomic relevance. Total quantities of components and ionic 
species involved in the physicochemical model were expressed as molar 
concentrations. 

Since the ionic strength (I) of agro-zootechnical digestates is typi
cally higher than 0.2 mol⋅L-1 and most inorganic components involve 
multiple deprotonations [54], I correction with activity coefficients was 
implemented for an accurate modelling of pH, and of its effect on gas 
transfer and bioprocess rates [55,56]. For this purpose, the Davies 
approximation was used, this being suitable for ionic strengths up to 
0.5–0.7 mol⋅L-1; other correlations describing the relationship between 
activity coefficients and the ionic strength are available in the literature 
[53,54] and may be alternatively adopted. The charge balance was used 
for pH calculation. 

Both Visual MINTEQ (as suggested by Vaneeckhaute et al. [28]) and 
the results by Flores-Alsina et al. [45] and Zhang et al. [57] were used to 
guide modelling choices. Four salts were selected, namely: amorphous 
calcium phosphate, Ca3(PO4)2 (Xacp), magnesium struvite, MgNH4PO4 
(Xstru), calcium carbonate, CaCO3 (Xccm) and magnesite, MgCO3 (Xmag). 
The precipitation model assumes that once the saturation index (SI) is 
exceeded, the solid is quickly formed [58]: the effect of seed material 
concentration was incorporated in the rate equation considering a first- 
order kinetics [59]. Precipitation and dissolution processes were 
implemented considering the sign of SI [60,61]. To reduce the model 
dimension and complexity, while preserving an adequate accuracy and 
computation time, ion pairing and precipitation of potassium struvite 
and other calcium/magnesium salts were neglected, consistently with 
literature outcomes. Indeed, low concentrations of calcium and mag
nesium measured in co-digestion digestates [4], together with the 
findings by Solon et al. [62], suggest that ion pairing corrections are less 
important than ion activity corrections, especially when the concen
trations of divalent ions is low. As for potassium struvite, it has been 
reported that its precipitation is commonly hindered in anaerobic di
gesters, given its relatively high pKa and low crystallization rate [45]. 
Hence, influent potassium concentration carries over unmodified to the 
effluent, since it is not subject to any transformation process. All the 
hypotheses concerning model dimension reduction were verified as 
illustrated in Section 2.2.1. Further details are reported in the Section 
SM.2 of Supplementary Material (Tableau matrix in Table S8). 

2.1.4. ADM1-ALBA interface 
A set of algebraic transformation equations for the C, N, P and COD 

mass continuity was developed, as depicted in Fig. 2, according to the 
approaches by Flores-Alsina et al. [45] and Nopens et al. (2009) [31]. 
The main assumptions are listed hereafter, while equations are reported 
in Supplementary Material (Tables S9 and S10).  

(i) Hydrogen (Sh2) and methane (Sch4) are transferred to the gas 
phase and their COD contribution is removed. VFAs are trans
ferred to the new ALBA state variable (Sac). All the other 
degradable soluble organics except for VFA are transferred to Ss.  

(ii) All degradable particulate variables from ADM1 are mapped as 
biodegradable particulate organics (Xs) in the ALBA model. 
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(iii) The fate of active microorganisms in digestate depends on their 
ability to adapt to aerobic conditions. While acetoclastic and 
hydrogenotrophic methanogens instantaneously decay, a fraction 
of the remaining fermentative microorganisms (Xfac) is supposed 
to use a facultative metabolism: a fraction is transferred to het
erotrophic bacteria (fxhet,xb), a fraction to autotrophic bacteria 
(fxaut,xb). A part of the latter fraction is represented by Ammonium 
Oxidizing Bacteria (fxaob,xaut), and the remaining by Nitrite 
Oxidizing Bacteria (fxnob,xaut) (Table S10, Supplementary Mate
rial). The decayed biomass (Xdec) is either mapped into biode
gradable (Xs) or non-biodegradable organic particulates (Xi), as in 
Flores-Alsina et al. [45].  

(iv) The nitrogen content of amino acids is transferred to the soluble 
degradable organic nitrogen variable (Snd).  

(v) As in Flores-Alsina et al. [45], Sic, Sin, and Sip are set as source- 
sinks to cover for minor differences in the elemental composi
tion between the two model state variables, while guaranteeing 
the elemental (C, N, P) and COD mass continuity. To avoid 
excessive exploitation of source-sinks during the lumping at the 
interface, the P content coefficients were modified in the ALBA 
model as follows: the same value as in the ADM1 is used for Xi; no 
P is associated with Ss (as there are no soluble degradable or
ganics containing P in the ADM1); a weighted average of the 
particulates (Xch, Xpr, Xli and inactive biomass) lumped within Xs 
is used to dynamically update its P content.  

(vi) No modifications were applied to inert components (i.e., calcium, 
magnesium, potassium, cations, and anions), as well as for 
precipitated salts that, in principle, act as seed material in the 
pond. 

2.1.5. Solid/liquid separation units 
S/L separation units were implemented based on removal effi

ciencies values from literature [63,64] or from preliminary dedicated 
lab tests (data not shown), as reported in Table S11 (Supplementary 
Material). 

After a primary S/L separation performed by low-efficiency me
chanical separators (e.g. screw presses), a secondary, chemically- 
enhanced process, is required when dealing with manure and fibre- 
based digestates, due to the relevant presence of residual solids and 
recalcitrant soluble COD [4,65]. When external reagents must be dosed 
in the S/L separation unit, the dilution ratio is considered as additional 
model parameter. 

The two S/L units between the anaerobic digester and the microalgae 
cultivation pond receive output variables from the ADM1-ALBA inter
face, and not directly from the ADM1, to better cope with literature 
separation performance values, usually expressed as total element con
centrations (e.g., TN, TP, soluble COD, total COD, etc.). 

2.1.6. Model implementation 
The model was implemented using Modelica, an open-source, high- 

level, declarative and object-oriented modelling language, and 
employing the free OpenModelica environment [66]. The DASSL solver 
[67], an implicit, gradient-based, integration algorithm with variable 
step size (suitable for stiff systems) was selected for the numerical 
solving/integration of the system of differential algebraic equations 
(DAE), with a relative tolerance of 10-6. It should be emphasized that 
both differential and algebraic equations can be implicit and appear in 
arbitrary order, so that equation rearrangements are not required, 
resulting in a transparent formulation for modellers. More details on the 

Fig. 2. Approach of the ADM1-ALBA interface for COD, C, N and P balances.  
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model structure are available in Supplementary Material (section SM.5). 
Total components are computed by solving ordinary differential equa
tions (ODE) separately from the nonlinear algebraic system. Then, at 
each simulation time step, an iterative solver (Newton-Raphson method) 
resolves the nonlinear algebraic loop on residual variables from the 
tearing algorithm [68], calculating the concentrations of chemical spe
cies, pH, and ionic strength. Indeed, to reduce the model stiffness, 
chemical speciation is implemented as algebraic equations using the 
mass action laws and the molar contribution balances [53]. The alge
braic system is closed by the charge balance and the ionic strength 
definition equations. 

Note that, expressing chemical species activities as a function of total 
components (Nc) and hydrogen ion activity [56], and neglecting ion- 
pairing equations [53], reduces the nonlinear system dimension from 
Nc + 1 to 2 equations (meaning that a lower number of initial conditions 
has to be provided). 

2.2. Model analysis, applications, and datasets 

Two case-studies were selected: a reference case-study (section 
2.2.1) and a full-scale agro-zootechnical case-study (section 2.2.3). The 
first case-study was used to verify the adequacy of the proposed as
sumptions for the PCM complexity reduction, the second one to prove 
the overall ADAB model capability and to further analyse the reduced 
PCM. Both were employed to test the appropriateness of the ADM1- 
ALBA interface (section 2.2.2). As for the agro-zootechnical case- 
study, different scenarios were selected (section 2.2.4) for preliminary 
feasibility analyses on the integrated system. The adopted datasets are 
detailed in Section 2.2.5. To limit the influence of the values selected for 
model initialization, the simulation time ranges were set to two years, 
focusing on the second year for the discussion. 

2.2.1. Verification of the physicochemical sub-model dimension reduction 
The “A0” model version reported in Flores-Alsina et al. [45], con

sisting in the anaerobic digestion of waste sludge, was considered as 
reference case-study for sub-model verification. The same influent 
composition was considered. The digester size (Vliq = 3’400 m3, Vgas =

300 m3) and its operating conditions (HRT = 19 days) were set to the 
default values of the Benchmark Simulation Model no.2 [69]. Therefore, 
the obtained phosphorus fractioning was compared with the results re
ported in the reference manuscript. The appropriateness of the simpli
fications adopted for the physicochemical model was also verified by 
comparing the model estimates of I, pH, chemical speciation and 
amounts of precipitates in the effluent digestate with those obtained 
with Visual MINTEQ simulations. For this purpose, OpenModelica 
steady-state values of total components involved in the physicochemical 
sub-model were set as MINTEQ input variables. Scat and San were map
ped as non-reactive cations (Rb+) and anions (Br-) in the component list. 

2.2.2. ADM1-ALBA interface verification 
Both case-studies were used to verify the ADM1-ALBA interface, with 

particular focus on interface source-sink (INORG_S) exploitation and TC, 
TN, and TP speciation across the interface. Effluent ADAB-ADM state 
variables were compared to the influent ADAB-ALBA state variables, 

considering four major categories (excluding the stripped components): 
salt precipitates (PREC) including Xacp, Xstru and Xccm; particulate or
ganics (ORG_X) including Xi, Xli, Xch and Xpr; soluble organics (ORG_S) 
including Ssu, Sfa, Saa, VFAs and Si; and biomasses (ORG_BAC) including 
all the seven ADAB-ADM biomasses. 

2.2.3. Plant-wide model application in an agro-zootechnical case-study 
A second case-study was used to highlight the key features of the 

plant-wide model in a biorefinery approach. As shown in Fig. 1 and 
further described below, the layout of the system includes: an AcoD 
section with biogas upgrading to biomethane, a digestate S/L separation 
unit, a set of microalgae cultivation ponds continuously fed on digestate, 
and a final section for microalgae harvesting. Of these sections, AcoD 
and primary digestate S/L separation are physically available in the 
considered plant, while the secondary digestate S/L separation and 
microalgae cultivation units have been designed as described below, and 
simulated with the plant-wide model. 

Anaerobic co-digestion. The AcoD plant mimics a full-scale installation 
in Northen Italy. It is composed by two parallel fermenters and a post- 
fermenter (total volume: 2⋅1’350 m3 + 3’179 m3; operational temper
ature: 43 ◦C, overall HRT: 33 d; OLR referred to VS: 3–4 kg⋅m− 3⋅d-1), fed 
with a mixture of liquid dairy cattle slurry (130 m3⋅d-1), solid cattle 
manure mixed with maize straw (12.8 m3⋅d-1) and, according to the 
season, maize silage (October-June, 37 m3⋅d-1) or tomato peels (July- 
September, 37 m3⋅d-1). An average biogas flowrate of approximately 
11’000 m3

@0◦C,1Atm⋅d-1 (CH4: 51.5 % v/v, CO2: 48.5 % v/v) is generated. 
The full-scale plant generates an average raw digestate flowrate of 180 
m3⋅d-1 with 8 % TS and 6 % VS, on a fresh matter basis. 

S/L separation units. The digestate liquid fraction is first separated 
with a screw press (due to the large content of fibres) and further 
centrifuged with high-charge and high-weight cationic polyacrylamide, 
thus reaching suitable conditions of turbidity and light penetration, yet 
still containing sufficient concentrations of N and P despite stripping and 
precipitation. To further decrease the solids concentrations and the 
colour, resulting in increased light transmittance, additional S/L sepa
ration steps can be integrated in the separation unit. 

Microalgae cultivation ponds. A full-scale microalgae cultivation sys
tem was designed and modelled, based on local constraints such as land 
availability and digestate composition (i.e., solids and ammoniacal ni
trogen concentrations). As suggested by a previous model-based opti
mization study [70]: i) the overall HRT of the cultivation ponds was 
fixed to 5 days, to optimize both nutrient removal and algal biomass 
productivity; ii) a conditional proportional control was applied to con
trol the pH value below 7.5, relying on the large CO2 availability from 
biogas upgrading. A liquid depth of 0.2 m was assumed for microalgae 
cultivation in the raceway system, then resulting in a raceways surface 
of 7’650 m2 (divided into 10 pond units operated in parallel). 

2.2.4. Scenario selection 
With the aim of assessing the impact of AcoD operating conditions on 

the productivity of the subsequent microalgae cultivation unit, different 
scenarios were considered for the agro-zootechnical case-study 
(Table 1). In detail, the HRT of the AD unit was varied from 33 to 66 
days, and different feeding strategies were tested by changing the ratios 

Table 1 
Scenarios studied for the agro-zootechnical case-study: in the ID Scenario label, the first number after “S” refers to the co-digester HRT, the second to silage/tomato 
loads, the third to cow slurry loads. Following to the hyphen, the letter “O”, “1C” and “2C” refer the raceway configuration.  

Scenario ID Scope HRT 
(d) 

Silage or tomato load 
(ton⋅d-1) 

Cow slurry load 
(ton⋅d-1) 

Greenhouse cover 

S.1.1.1-O Baseline 33 37 130 Open 
S.2.1.1-O Effect of AD operative conditions 66 37 130 Open 
S.1.2.2-O 33 67 100 Open 
S.2.2.2-O 66 67 100 Open 
S.1.1.1-1C Effect of raceway configuration 33 37 130 One-cover 
S.1.1.1-2C 33 37 130 Two-covers  
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between pumpable feedstocks (cow slurry) and stock-piled feedstocks 
(silage/tomato peels). Particularly, silage and tomato peel loads were 
increased from 37 to 67 ton⋅d -1, and the cow slurry load was decreased 
from 130 to 100 ton⋅d -1 (OLR increased by 35 %). In addition to open-air 
ponds (O), the effect of installing a greenhouse to cover the microalgae 
raceway was assessed by considering two additional scenarios, i.e., the 
use of a single-cover (1C) or two-covers (2C) greenhouses. 

2.2.5. Datasets 
The datasets used for model analysis and verification include process 

data, weather data, and model parameters. Available data on AcoD 
described in section 2.2.3 were directly obtained from the plant owner. 
The characterization of feeding co-substrates is reported in Table 2, 
resulting in the set of input state variables listed in Table S12 (Supple
mentary Material) as computed via the “conversion blocks”. Total solid 
contents and compositions (based on NIR analyses) of maize silage and 
tomato peels were provided by the plant owner, as well as the inorganic 
nutrient contents of cattle slurry. Total solid contents of cattle slurry and 
cattle manure were taken from Lübken et al. [44] and Kafle and Chen 
[71] respectively. The VFA content, the macromolecule biodegrad
ability of cattle slurry, and the COD/VS conversion coefficients were 
taken from Weinrich et al. [72,73]. Unknown biodegradability co
efficients were estimated or calibrated using experimental biomethane 
potential test results (BMP) provided by the plant owner (particularly for 
carbohydrates in tomato peels, cow slurry and cow manure), and by an 
internal database on BMP tests [74–76]. Data related to digestate (pH, 
VS, VFA, TAC, TAN, P-PO4

3-) and biogas (percentage of CH4 in biogas, 
xCH4, and electrical power generated, Wel) were collected during 2022 
and provided by the plant owner. 

Weather data for running the thermal sub-models were obtained 
from the regional environmental protection agency repository (ARPA 
Lombardia) and included local hourly data for air temperature (Te, ◦C), 
incident solar radiation (I0, W⋅m− 2), wind speed (Ws, m⋅s− 1), and rela
tive humidity (RH, %) for the weather station of Cremona (Italy), 
located at less than 10 km from the AcoD plant. Weather data are re
ported in Fig. S2 (Supplementary Material). 

3. Results and discussion 

3.1. The reference case-study 

3.1.1. Physicochemical model assessment 
First assessments were made running Visual MINTEQ under the 

“possible solid” option (the chemical equilibrium, that includes ion- 
pairing, is not affected by precipitates). The implementation of the 
sole I corrections (i.e., non-ideal conditions) within the ADAB-PCM was 
validated against Visual MINTEQ outputs assuming an absolute error for 
pH below 0.01 as acceptable. By further including dissolved calcium 
(Sca) and magnesium (Smg), still neglecting ion-pairing and precipitation 

processes in the sub-model, significant underestimations of pH were 
obtained (absolute errors of 0.19 and 0.05 for ideal and non-ideal con
ditions, respectively). Indeed, although inorganic Sip and Sic are mainly 
present as free acid-base species (96 % and 99 %, respectively), the 
relative amounts of Sca and Smg cations involved in ion-pairing is not 
negligible (approximately 40 % for both cations), with presence of 
CaHCO3

+, CaHPO4(aq), MgHCO3
+ and MgHPO4(aq). In addition, it was 

observed that, at fixed water hardness, the higher the ionic strength, the 
lower the influence of ion pairing (Section 3.2.1). 

Based on the SI value computed by MINTEQ under the reference 
case-study conditions (i.e., pH = 7.0, I = 0.0901 mol⋅L-1, hardness = 20 
mol eq⋅m− 3), relevant salts to be included in the sub-model were 
selected (paragraph 2.1.3). The reaction kinetic (crystallization kinetic 
coefficient, kcryst) was also accounted for: salts with slow precipitation 
rates were omitted as model components. Accordingly, some over- 
saturated precipitates featuring kcryst ≤ 0.001 min− 1 were not included 
in the model, those being hydroxyapatite (HAP, SI ~ 18), huntite, (SI ~ 
4), aragonite (SI ~ 4), and dolomite (SI ~ 2). The main salts involving 
hydrogen ions (octacalcium phosphate (OCP, SI ~ 9), and dicalcium 
phosphate dihydrate (DCPD, SI ~ 2)) were neglected for simplicity, 
since the inclusion of salt state variables introduces additional stiffness 
to the model, and because the introduction of total hydrogen ion as 
additional total component would be required [53]. In addition, litera
ture references does not report their relevant formation [45,57]. 

Steady-state results of the ADAB-ADM, including now both biolog
ical and precipitation processes, were compared with those reported in 
the reference manuscript [45] and with MINTEQ results. The pH ob
tained by the ADAB-PCM under ideal and non-ideal conditions were 
7.20 and 6.84, with a pH drop of 0.36 consistent with results from Solon 
et al. [62]. Compared with MINTEQ, ADAB-PCM led to pH over
estimation and Sip underestimation, with absolute errors of 0.02 and 6 
mg P⋅L-1 (2.5 % Relative Mean Error, RME), respectively. This error is 
primarily due to neglected ion-pairing, that decreases the pH and thus 
hinders precipitation, increasing the available Sip. Limited differences 
with the reference manuscript results were observed for both Sip (25 % 
vs. 27 % reported by the reference) and pH (6.84 vs. 6.9 declared by the 
reference). 

MINTEQ allowed to check model performances over a wide range of 
Sca and Smg influent concentrations (up to 8 times the reference manu
script baseline value). Relative errors on pH and I were always below 
2.6 % and 25 %, respectively. The model error on the prediction of Sip 
was below 2 % at water hardness lower than 20 mol eq⋅m− 3. Of 
particular importance, especially when calcium concentration is above 
21 mol⋅m-3, was the inclusion of Xccm to properly predict the P precipi
tation as Ca3PO4, that was less pronounced due to competition with the 
precipitation of CaCO3. The decreased model performance at high water 
hardness, with errors up to 2.6 % and 15 % in pH and Sip, respectively, is 
also due to the enhanced relevance of ion-pairing [54]; for example, at 
high Smg (104 mol⋅L-1), MgHPO4 accounts for approximately 70 % of the 

Table 2 
Feeding co-substrates characterization.  

Parameter Unit Cow Manure Cow Slurry Maize Silage Tomato peels 

Total Solids g TS⋅kg− 1 230 73 346 250 
Volatile Solids %TS 60 79.9 96.5 97 
Carbohydrates content %TS 46.9 57.7 87.3 67.5 
Proteins content %TS 8.6 16.9 6.9 19.5 
Lipids content %TS 2.6 5.3 2.6 10 
Biodegradability of carbohydrates %VS 47 31 82.5 50 
Biodegradability of proteins %VS 50 73 77 50 
Biodegradability of lipids %VS 85 50 100 50 
Biodegradability of volatile solids %VS 47 44.8 82.8 47.5 
BMP NL CH4⋅kg VS-1 204 174 351 230 
Alkalinity g CaCO3⋅m-3 – 12’400 – – 
pH – – 7.2 – – 
Total Ammoniacal Nitrogen g N⋅m-3 500 1’400 756 168 
Total Soluble Phosphorus g P⋅m-3 400 650 – –  
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remaining Sip. This, in turn, leads to overestimation of pH values and 
precipitation rates. 

In summary, the implemented physicochemical model simplifica
tions determine two effects that balance each other out, resulting in low 
prediction errors. These effects are (i) higher precipitation because of 
neglected ion-pairing, joined however to (ii) slight underestimation of 
pH due to neglected salts involving hydrogen ions, which limits pre
cipitation itself. Hence, the simplified physicochemical approach used 
for the development of the plant-wide biorefinery model proved to be a 
reasonable compromise between model complexity and accuracy in the 
prediction of pH and nutrients dynamics, especially considering systems 
with high I (0.2-0.7 mol eq⋅L-1) and low water hardness (0-80 mol 
eq⋅m− 3) (section 3.3), as it is usually the case for agro-zootechnical co- 
digesters [4]. However, it should be noted that this approach is not 
suitable to model crystallization units as in Vaneeckhaute et al. [28]. 

As for the computation time, that must be carefully considered when 
dealing with sensitivity analysis, parameter identification and control 
problems (by entailing a huge number of simulation runs), the ADAB- 
ADM developed in OpenModelica was compared with the “A1” 
version of the AD model developed in Matlab-Simulink by Flores-Alsina 
et al. [45], as available on GitHub. Although the field of application of 
the proposed model is narrower, the reduced complexity resulted in a 
lower runtime (1.14 vs 8.04 s) and a lower CPU peak usage (62 % vs 78 

%), using an Intel Core i5-10210U processor with 12.0 GB RAM. 

3.1.2. Interface verification 
Fig. 3 reports the fractioning of TC, TN and TP across the interface. 

As clearly emerges, the interface source-sink exploitation for C, N and P 
was always below 9 %. The most critical aspect was the positive dif
ference in carbon contents between the ADAB-ADM and ADAB-ALBA 
bacteria. Still, the use of Sic as a source-sink is limited by the fact that 
dead bacteria from ADAB-ADM are partly transferred to the ALBA var
iable Xs, characterised by a lower carbon content, compared to all the 
components that are lumped in it. Values of state variables in relevant 
sections of the biorefinery for the reference case-study are reported in 
Table S13 (Supplementary Material). 

3.2. Plant-wide model application: The agro-zootechnical case-study 

3.2.1. Physicochemical model assessment 
The average influent loads were 29.4 t COD⋅d-1, 1’095 kg N⋅d-1 and 

187 kg P⋅d-1. The blend of feedstocks to the digester had N/P ratios of 5.8 
and 5.6 (w/w), in winter and summer feeding conditions, respectively. 
Under these feeding conditions, the digestate pH and I predicted by the 
ADAB-PCM were 7.5 (7.78 without activity corrections) and 0.25 mol 
eq⋅L-1, respectively. Therefore, compared to the reference case-study, 
both I and the N/P ratio were higher, strongly influencing the amount 
and type of precipitates. 

When using MINTEQ for the physicochemical sub-model verification 
of the model performances for the agro-zootechnical case-study, pH and 
I were slightly underestimated and overestimated, respectively, with 
RMEs of 0.04 % and 0.4 %. The underestimation of Sip was lower (1.79 
mg P⋅L-1, 1.4 % RME) compared to the reference case-study. The lower 
RME values obtained in this case were likely due to the absence of 
precipitated Xacp at equilibrium, and to the reduced contribution of 
water hardness (Sca and Smg) to the I, that was mainly composed by Sic, 
Sin, Sip, and other cations (Scat). Indeed, as noted by Solon et al. [62], 
when the contribution to the ionic strength of ion-paring involved 
components (Sca and Smg) is reduced, ion-pairing is less relevant, and the 
ADAB-PCM performed better (the percentage of two ion pairing species, 
i.e., MgHPO4(aq) and CaHPO4(aq), over total Sca and Smg concentrations 
dropped by 27 % and 36 % respectively). Besides, according to MINTEQ 
results, only two relevant over-saturated precipitates were neglected in 
the sub-model, namely dolomite (SI ~ 1) and HAP (SI ~ 3). Still, 
compared to the reference case-study characterized by lower Sic and Sin 
and higher Sip, the inclusion of Xccm in this case-study was essential to 
avoid overestimation of P precipitation; indeed, around 8 mol⋅m− 3 of 
Xstru and 4 mol⋅m− 3 of Xccm precipitated, whereas the higher N/P ratio 
and high inorganic C availability hindered Xacp from precipitating. 

3.2.2. ADAB predictive ability 
Table S14 (Supplementary Material) reports the results of steady- 

state simulations under winter conditions as compared to data pro
vided by the plant operator for the digester unit during the year 2022. 
Following to a preliminary calibration phase of km,ac (5.6 d-1), km,su (11 
d-1) and km,aa (8 d-1) from default values by Rosen and Jeppsson [69], the 
RMEs dropped from 15 to 40 % to less than 10 % for pH, VFAs, Total 
Ammoniacal Nitrogen (TAN), CH4 content in biogas and electrical 
power produced. Conversely, the fitting for phosphates, Total Alkalinity 
Content (TAC) and volatile solids (VS) was less accurate with RMEs 
between 11 and 18 %. Various strategies could be used to improve 
model accuracy, including: (i) a more accurate substrate characteriza
tion and parameter identification and (ii) the adoption of different 
model structures. As regards parameter identification, one example 
could be the ammonia inhibition parameter for acetogens. Indeed, the 
default value (0.0018 mol⋅L-1) inherited from ADM1 suggests a relevant 
impact of ammonia inhibition which may prove false for microbial 
communities adapted to high free ammonia concentration; however, 
due to its poor identifiability on full-scale data, its determination 

Fig. 3. TC, TN and TP fractionation at steady state across the ADM1-ALBA 
interface in relation to the reference case-study. 
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through specific activity tests would be advisable [72]. As for the second 
strategy, the bio-accessibility of feedstock components (particularly, 
carbohydrates and proteins) could be better integrated [77] considering 
lignin as a separate inert variable with its own COD content [78]. 

Some noteworthy considerations about the ADAB-ADM predictions 
are: i) during summer, the feeding of tomato peels to the AcoD unit, 
featuring higher lipid content as compared to maize silage, increased the 
effluent Sip up to 70 % (35 % on average, considering the long transient 
period required to reach steady state), ii) the biogas methane content 
was increased by 6 % and iii) the predicted biogas flowrate was 12 % 
lower, mainly due to lower TS contents (at similar VS/TS ratios) of to
mato peels (Table 2). 

Concerning the ADM1-ALBA interface, the elemental fractionation is 
shown in Fig. 4. In this case, the source-sink exploitation was always 
below 12 % for all components, Sip being the most critical aspect. Using 
the original ALBA elemental compositions, the concentration of Sip 
across the interface was increased by 5 %, since the P content in dead 
biomass from the ADAB-ADM is partially mapped into Xs; this Sip over
estimation could be particularly relevant when the influent inorganic 
soluble P is low, and the amount of biomass is high. It is worth noting 
that the bias was significantly reduced thanks to the dynamic update of 
the elemental P content of ADAB-ALBA organic component (Xs) pro
posed in this study, depending on the ADAB-ADM organic component 

effluent: this allowed the C, N and P loads of bacterial and organic 
particulate components to balance each other. 

Fig. 5 reports the main characteristics of the influent liquid digestate 
to the pond, at varying digester operational and feeding conditions. 
Considering the baseline scenario (S1.1.1-O), the influent total COD is 
likely to be underestimated. Indeed, literature reports examples of 
highly recalcitrant soluble COD concentrations measured in digestates 
from full-scale anaerobic co-digesters fed on agro-zootechnical wastes 
[4]. The recalcitrant COD in the AD model is primarily mapped as Xi and 
thus removed by the two S/L separation units, hindering the prediction 
of higher soluble inert COD concentrations. Modelling approaches to 
reproduce the formation of Si in the anaerobic digester may include the 
possibility to increase the fractioning coefficient of Si from particulate 
decayed biomass (fSi,Xb) or to introduce a process of hydrolysis for Xi. 
Still, should the hypothesis of a recalcitrant nature for the effluent sol
uble COD (due to the presence of inert soluble organic matter, Si) prove 
to hold true, the development of efficient process units for the removal 
of the residual COD to limit the proliferation of heterotrophic bacteria in 
microalgae ponds could become less significant, thus simplifying 
digestate pre-treatment layout and relative costs. 

Moreover, compared to the results of the preliminary lab tests, the 
influent TAC was overestimated mainly because of a fictitious addition 
of Sic at the interface (due to source-sink exploitation): the authors 
propose to dynamically update the C content of Xs considering the 
amount of the different components (macromolecules) from ADAB- 
ADM, as it was similarly done for P. In this way, the carbon content of 
Xs would be higher, and much similar to that of Xch, thus balancing the 
lower carbon content of the bacterial biomass and preventing Sic to be 
modified as a source-sink. 

The two precipitated salts in digestate, Xstru and Xccm, redissolved in 
the pond because of the relatively high presence of seeding material, 
varying according to temperature dynamics. Results also confirmed the 
importance of accurately predict P speciation in the pond to further 
estimate microalgal growth. Indeed, simulations made without pH 
control (therefore leading to a higher average pH, increased precipita
tion and lower redissolution in the pond) and/or excluding the precip
itation of Xccm (leading to relevant Xacp precipitation in the digester, 
reducing the overall Sip) resulted in severe P limitation of microalgae 
growth. 

Overall, the yearly average of the algal productivity was 10.7 g 
VSS⋅m-2⋅d-1 for the baseline scenario (S1.1.1-O). The productivities ob
tained through simulations are well in line with previous experimental 
reports obtained with agro-zootechnical digestates, that has been re
ported to vary in the range 4.2-22 g VSS⋅m-2⋅d-1 [18,70,79,80]. More
over, similar productivities (3.8-9.5 g VSS⋅m-2⋅d-1) have been previously 
obtained in pilot-scale studies carried out under similar weather con
ditions [23,81]. 

The concentration of heterotrophic bacteria in the baseline scenario 
accounted for 15 % of the total biomass concentration. Results from 
other algae-bacteria models reported in the literature confirm that the 
obtained proportion of heterotrophic bacteria over the total biomass 
concentration is reasonable. Maximum values around 10 % were often 
obtained in similar case studies, i.e., using digestate with high concen
trations of recalcitrant COD and with conventional pond operations (e. 
g., HRT and liquid depth) [46,70,82]. On the other hand, previous 
model-based analyses showed that, when using municipal wastewaters 
or streams in which the available COD is mostly available for hetero
trophic bacteria, or when strongly reducing the HRT of the system, their 
concentration can strongly increase, representing more than 50 % of the 
total biomass concentration [70,82–84]. 

In terms of nutrient removal, the TAN removal efficiency obtained in 
the baseline scenario was 50.3 %, which is low compared to other 
literature reports performed on similar types of digestate. For example, 
average removal efficiencies higher than 80 %, reaching almost com
plete removal, were reported using anaerobic digestate from piggery 
wastewaters in similar climatic conditions [18,79]. However, a high 

Fig. 4. TC, TN and TP fractionation at steady state across the ADM1-ALBA 
interface in relation to the agro-zootechnical case-study. 
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variability was reported in the literature, and the TAN removal effi
ciency obtained in other studies was similarly low. For example, in 
Raeisossadati et al. [80], an average TAN removal efficiency of 69 % was 
reported, mainly due to the high TAN concentration in the influent 
digestate [80]. In the model-based study by Casagli et al. [70], it was 
demonstrated that the TAN removal efficiency could easily drop below 
the levels reported in this study, as a combination of the main opera
tional conditions of the pond (i.e., the HRT, pH control setpoint, and 
volumetric mass transfer rates). It should be also stressed that the 
operational condition maintained in the algal pond described in this 
study are not aimed at maximizing the nutrient removal efficiency, as 
the main objective of the process is the production of algal biomass for 
digestate nutrients valorisation. Indeed, the two objectives of reaching 
high removal efficiencies and high productivities cannot be always ob
tained at the same time [85]. 

3.2.3. Scenario analysis 
The yearly average values of the state variables in the relevant sec

tions of the biorefinery for all the scenario of the agro-zootechnical case- 
study are reported in Supplementary Material (Tables S15–S20). The 

boxplots of raceway influent TAN, phosphate, TAC and CODtot concen
trations predicted over one year of simulation are shown in Fig. 5 for the 
four different scenarios. The analysis of variance (ANOVA) proved sta
tistically relevant differences (p < 0.05) only for CODtot and for soluble 
inorganic phosphorous in the scenario S.1.2.2-O. It is worth mentioning 
that when the feeding regime was characterized by higher maize silage 
to cow slurry ratios and relatively low HRTs (such as in the scenario 
S.1.2.2-O), small changes within the uncertainty region associated with 
kinetic parameters and influent characterization lead to the acidification 
of the digester, with dramatic reduction of biogas and algal production 
(if the pH control is not active in the pond). 

Fig. 6 depicts the trend of algal growth for the four different sce
narios. The best performance in terms of algal biomass production was 
observed during spring for the baseline scenario (S.1.1.1-O) and for the 
scenario with an increased digester HRT and unchanged feeding strategy 
(S.2.1.1-O). Indeed, the high flowrate of cow slurry resulted in increased 
influent P amounts to the digester and thus in higher Sip concentrations 
in the liquid digestate, allowing for a lower microalgal P limitation. Still, 
influent P from tomato peels fed during summer provided sufficient Sip 
availability in autumn due to the digester inertia, resulting in limited 

Fig. 5. Input digestate liquid fraction properties to the ALBA model for the different scenarios tested: effect of AD operative conditions.  
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differences between scenarios. 
The concentration of heterotrophic bacteria was higher for scenarios 

S.1.2.2-O and S.2.2.2-O, mostly due to the increased undegraded 
organic matter load coming from the digester. This, in turn, would 
determine lower CO2 injection rates to perform pH control. 

The effect of including a greenhouse cover in the raceway configu
ration is shown in Fig. 7. Although a greenhouse cover ensured higher 
productivities during winter as compared to the “Open” scenario, 
excessive covering (i.e., the “Two-covers” scenario) can lead to strong 
pond overheating during summer, resulting in the culture breakdown. 
The summer productivity was more sensitive to temperature variations, 
while the productivity in winter was mainly limited by light availability. 
On a yearly average, the algal productivity of the baseline scenario was 
comparable to the "One-cover" scenario (10.6 g VSS⋅m-2⋅d-1), while a 
much lower productivity was computed with two covers (6.2 g 
VSS⋅m-2⋅d-1, -44 % with respect to open pond). Clearly, these results are 
specific to the plant latitude (climatic conditions) and the algal thermal 
response that were assumed. 

The presented scenario analysis proved the importance of properly 
setting and operating the AcoD unit to maximise the biogas and 
microalgae production. Both the selection of proper co-substrates (i.e., 
considering seasonal changes in the feed, according to the availability of 
different feedstocks), and of the digester operational parameters must be 
carefully considered to optimize the effluent inorganic nutrient con
centrations. An accurate mathematical description of both the AcoD and 
microalgae sections is therefore essential, but care should also be taken 
in modelling of S/L separation units, whose performances are typically 
feedstock-specific and remain an interesting open point for further 
research. On the other hand, the analysis revealed the potential 
robustness of microalgae cultivation to different AcoD design and 

operations. 

3.3. Recommendations and future developments 

The main scope of this work was the development of an interface to 
connect anaerobic digestion and microalgae cultivation models. Of 
particular importance were, on one hand, the identification of the most 
adequate complexity for the physicochemical model and, on the other 
hand, the incorporation of significant components and biological pro
cesses with proper kinetic modelling. 

A thorough validation of the proposed plant-wide model is deemed 
essential to assess its predictive ability, and to verify the need for more 
detailed modelling, with particular focus on topics listed below.  

- Refinement of the ADAB-ADM input COD fractioning, depending on 
the type of feeding substrate: a monitoring plan of the digester 
influent and effluent streams should be defined accordingly, also 
including a proper estimation of component degradability based on 
information drawn from batch lab-scale tests and on the measure
ment of total and soluble organics.  

- Improvement in the description of hydrolysis processes in AcoD 
systems, to distinguish between the kinetic rates of different types of 
carbohydrates, proteins, and lipids. In addition, hydrolysis kinetic 
models different from the first order (e.g., Contois model, surface- 
based kinetic model [86,87]) may further improve the prediction 
capability of the AD model.  

- Development and testing of modelling approaches to reproduce the 
formation of inert soluble COD in the anaerobic digester: for 
instance, by increasing the fraction of Si generated from particulate 
decayed biomass, or by introducing the hydrolysis process of Xi. 

Fig. 6. Effect of the different tested AcoD operative conditions. Yearly dynamics of: (a) microalgae (Xalg) and (b) heterotrophic bacteria (Xh) concentrations. The 
description of scenario labels is reported in Table 1. The plot line of scenario S.1.1.1-O line always hides behind others. 
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- The inclusion of ion-pairing and other precipitates (i.e., OCP, DCPD) 
in the ADAB-PCM, also depending on feeding feedstocks, to widen 
the applicability scope of the model.  

- Development/extension of the ADAB-ALBA model with microalgal 
heterotrophic growth processes. 

- Development and modelling of respirometry tests to validate hy
pothesis on anaerobic bacterial biomass fractioning at the interface.  

- De-lumping of the ADAB-ALBA organic state variables to guarantee 
low source-sink exploitation: this would require the knowledge of 
the metabolism of Xh and heterotrophic microalgae on the different 
macromolecules included in the model. 

- Extension of the ADAB-ALBA model to consider the effects of resid
ual turbidity, colour, salinity, and toxicity of the treated liquid 
digestate on the light penetration and microalgal growth.  

- Improved modelling of S/L separation units, exploiting the available 
knowledge on the process physics and chemistry, as well as defining 
statistical correlations between digestate physicochemical charac
teristics and its dewatering properties [88].  

- Implementation of a pond downstream S/L unit for algae harvesting 
and the recirculation of the supernatant stream, thus allowing for the 
pond operation with decoupled HRT and biomass retention time 
(BRT). 

4. Conclusions 

A novel interface between the ADM1 and the ALBA models is pro
posed to allow for plant-wide modelling of a biorefinery including 
anaerobic digestion and microalgae-bacteria cultivation on digestate 
(ADAB). Within this context, accurate prediction of nutrients fate, 
particularly of P, is essential to ensure process performances. To this 

aim, a simplified PCM was adopted to reduce model complexity and 
computation time, while ensuring model accuracy (P fractioning error 
below 2 %). A verification using MINTEQ highlighted the increased 
appropriateness of the simplified PCM in modelling case-studies 
featured by high I and low water hardness, such as agro-zootechnical 
digesters (prediction errors of pH and Sip below 0.04 % and 1.4 %). 
Despite the different lumping degree of the two model structures, the 
proposed interface resulted in limited source-sink exploitation (below 
12 %), thanks to the adjustment of some P content coefficients of the 
ADAB-ALBA model state variables. 

A scenario analysis was used to preliminary assess the impact of 
digester design and feeding strategy on digestate properties and 
microalgae production, with particular focus on the risk of algal P lim
itations due to precipitation. Results highlighted the importance of 
properly designing the whole biorefinery and yet, a noteworthy 
robustness to scenario variability of the microalgae cultivation perfor
mance. Microalgal productivity was found to be strongly affected by the 
presence of a double-cover greenhouse on the raceway pond (e.g., -44 % 
yearly average productivity). 

Further validation with monitoring data collected at pilot- to full- 
scale plants is still required to quantify the actual ADAB model predic
tive ability and field of application, as well as to identify further model 
extensions or modifications. The proposed model is intended to be used 
in support of technology scale-up and optimization. 
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