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ARTICLE INFO ABSTRACT
Keywords: The integration of microalgae cultivation in anaerobic digestion (AD) plants can take advantage
Heterotrophic and autotrophic microalgae of relevant nutrients (ammonium and ortho-phosphate) and CO; loads. The proposed scheme of
cultivation

microalgae integration in existing biogas plants aims at producing approximately 250 t-y ! of
microalgal biomass, targeting the biostimulants market that is currently under rapid expansion. A
Biorefinery full-scale biorefinery was designed to treat 50 kt-y ! of raw liquid digestate from AD and 0.45
Mathematical modelling kt-y ! of CO, from biogas upgrading, and 0.40 kt-y~* of sugar-rich solid by-products from a local
Techno-economic assessment confectionery industry. An innovative three-stage cultivation process was designed, modelled,
and verified, including: i) microalgae inoculation in tubular PBRs to select the desired algal
strains, ii) microalgae cultivation in raceway ponds under greenhouses, and iii) heterotrophic
microalgae cultivation in fermenters. A detailed economic assessment of the proposed biorefinery
allowed to compute a biomass production cost of 2.8 + 0.3 €-kg DW !, that is compatible with
current downstream process costs to produce biostimulants, suggesting that the proposed nutrient
recovery route is feasible from the technical and economic perspective. Based on the case study
analysis, a discussion of process, bioproducts and policy barriers that currently hinder the
development of microalgae-based biorefineries is presented.

Anaerobic digestion
Resource recovery

1. Introduction

In 2021, the European Union (EU) hosted 18,843 biogas plants and 1,067 biomethane plants, producing 18.4 billion cubic meters
(bcm) of biogas and biomethane through anaerobic digestion (AD). The growth of biogas and biomethane production responds to
various needs including sustainable waste recycling, climate protection, and renewable energy production. The market has been
boosted by political and legal drivers, such as the 2030 Energy Strategy or the REPowerEU Plan, aimed at increasing the share of
renewable energy and the energy security of EU, and foreseeing massive infrastructure investments [1,2]. The resulting generation of
biogenic COs is an appealing resource for the food and drinks industry, and for many others [2]. Similarly, digestate production is
estimated to grow in the next decades, and those countries with highest biogas production (i.e., Germany, UK, Italy, and France) will be
the largest digestate producers within Europe [2].

* Corresponding author.
E-mail address: simone.rossi@polimi.it (S. Rossi).

https://doi.org/10.1016/j.heliyon.2023.e23240
Received 16 October 2023; Received in revised form 28 November 2023; Accepted 29 November 2023

Available online 3 December 2023
2405-8440/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:simone.rossi@polimi.it
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2023.e23240
https://doi.org/10.1016/j.heliyon.2023.e23240
https://doi.org/10.1016/j.heliyon.2023.e23240
http://creativecommons.org/licenses/by-nc-nd/4.0/

S. Rossi et al. Heliyon 10 (2024) e23240

Digestate composition is strongly influenced by the influent feedstock and by AD operational parameters, being challenging to
identify its mean composition [3]. Based on a recent large survey [4] and according to a digestate production in the EU [2], relevant
flows can be exploited for fertilizing purposes: 9.5 Mt-y ! of dry matter (DM), 6.7 Mt-y " of organic matter (OM), 3.7 Mt-y ! of total
organic carbon (TOC), 0.8 Mt-y ! of total nitrogen (TN), 0.4 Mt-y~! of mineral nitrogen, 0.5 Mt-y ! of K20 and 0.3 Mt-y ! of P,Os.
According to Eurostat, 10.3 Mt of synthetic nitrogen fertilizers were consumed in EU 28 in 2018 and nitrogen recovered from digestate
could replace up to 7.8 % of Haber-Bosch-derived fertilizers. Similarly, P mined from digestate could replace 17 % of the 1.1 Mt of P
consumed in 2018 [2]. For these reasons, several technologies for nutrient recovery from digestate have been developed and studied.
Digestate is commonly addressed to widespread solid/liquid (S/L) separation technologies, resulting in nutrient fractionation facili-
tating further treatment, transport and industrial applications [5]: screw pressing, filtration and centrifugation, possibly in combi-
nation with electro-/physico-chemical coagulation [6]. When nutrient recovery is required, the liquid fraction of digestate (LFD) can
be treated with various technologies at high technology readiness level (TRL > 6): ammonia stripping, membrane filtration, struvite
precipitation, ion exchange, and vacuum evaporation [7]. Ammonia stripping/scrubbing allows the recovery of a marketable fertilizer,
but high temperature and/or pH, and sulfuric acid as a reagent are required. Nonetheless, it is among the most used full-scale methods
for N recovery [6,8]. Membrane filtration implies the physical retention of a retentate and the release of a purified liquid phase
(permeate), with membrane fouling and lifespan being the main bottlenecks [6,9]. Struvite (NH4MgPO4-6H20) precipitation is
worldwide spread with several full-scale units allowing for N and P recovery in a solid fertilizer [5,7]. Ion exchange absorption is a
selective process applied at the pilot-scale exploiting resins to remove charged ions from LFD [3]. Vacuum evaporation is a full-scale
energy-intensive method operating at low pressure for fast evaporation and subsequent nutrient concentration that provides a com-
mercial solid fertilizer (ammonium sulphate) [10]. Though these treatment technologies have been largely applied for nutrient
removal, various obstacles remain to be elucidated: i) logistics requirements at the local application scale, ii) technical reliabili-
ty/operability and product quality, iii) regulatory issues, such as the status of recovered products, involving the overall pro-
duction/supply chain (farmers and agri-food industries), and local authorities, and iv) economic constraints related to the low value of
non-renewable counterparts.

For these reasons, the search for innovative solutions led to consider the integration of microalgae and cyanobacteria cultivation in
biogas plants. This can increase the efficiency and sustainability of the biogas production and digestate treatment processes [11,12]
and provide additional revenues from the commercialization of microalgae-based bio-products [13-15]. Recent feasibility studies have
confirmed that integrating microalgae in biogas plants holds a large potential to cut biomass production costs, especially when using
wastewaters and industrial waste streams combined with the bioremediation of gaseous streams (e.g., biogas or combustion flue gases)
[16-19]. Recent studies conducted at the pilot-scale showed that microalgae cultivation can be successfully integrated in side-stream
digestate treatment processes, reaching high Total Ammoniacal Nitrogen (TAN) and ortho-phosphate removal efficiencies and
allowing for consistent cost/energy savings [20-23]. In particular, the development of algae-bacteria consortia makes nutrient
removal efficient, despite suboptimal weather conditions reducing the activity of microalgae [22,24]. In such scheme, microalgal
benefit from mass and energy flows available in AD plants, including digestate nutrients and CO5 contained in the biogas, and waste
heat generated during biogas combustion. The LFD is interesting for growing microalgae due to the low turbidity and high concen-
trations of TAN, ortho-phosphate and micro-elements [20,25]. COg is the main carbon source for microalgae and associated auto-
trophic bacteria, that can be recovered from biogas and combustion flue-gases via conventional physical-chemical technologies [26] or
direct microalgae-based biogas upgrading [27]. Since the operational temperature of microalgae cultivation is a critical parameter, the
availability of waste heat from biogas combustion is another major advantage of this integration scheme [28]. Moreover, the het-
erotrophic growth capability and high biomass concentrations reached for certain algae strains that are commonly exploited in
microalgae-based wastewater treatment (e.g., Chlorella and Scenedesmus spp.) make them interesting for the treatment of wastewaters
and industrial waste with high COD contents [29-32].

The possibility of producing valuable bio-products from microalgae further contributes to the economic viability of microalgae-
based bioremediation processes [16,19,33]. For example, the feasibility of biomass valorisation as bioplastics or biofuels has been
technically demonstrated, although the high cost of finished products has pushed researchers to look for more suitable valorisation
alternatives [34]. Despite biogas production from the algal biomass produced during LFD treatment would be a very interesting
alternative in a circular economy viewpoint, the anaerobic digestion of algal biomass typically has very low biogas yields, mainly due
to the presence of resistant algal cell walls, requiring energy-intensive pretreatments [35,36]. Biostimulants production is an inter-
esting option because algae-based extracts have biostimulating effects promoting the growth and development of plants, also
improving their tolerance to abiotic stress [37-39]. The regulation (EU) 2019/1009, laying down rules on fertilizing products in the EU
market, include algae for biofertilizers/biostimulants production. The research on microalgal biostimulants has remarkably spread in
the last years, as microalgae can be cultivated under controlled conditions, obtaining high-quality biomass and bioactive compounds
[40]. Furthermore, microalgae are a renewable and sustainable biostimulants source, especially if obtained with waste or by-products
in a biorefinery framework [41-43]. Within this context, some microalgae strains able to grow on LFD also have biostimulant
properties on different crops, thanks to the production of different bioactive molecules (e.g., phytohormones, proteins, amino acids,
polysaccharides, antioxidants, vitamins and enzymes, among others) [40]. For example, the application of aqueous Chlorella sp. And
Scenedesmus sp. extracts showed significant improvements in germination [44,45], growth parameters and nutrient uptake [37,44].
Foliar applications of these microalgae extracts can improve the yield and stress resistance of different crops [46-49].

In this work, the feasibility of integrating a microalgae-based biorefinery within a biomethane plant was evaluated from a technical
and economic perspective. The model-based design of an innovative three-stage microalgae cultivation process is proposed, to
generate algal biomass for the production of biostimulants. In the process, a continuous inoculation with selected algae strains is fed to
a series of open raceway ponds treating the liquid fraction of digestate from anaerobic digestion and fixing CO5 from biogas upgrading.



S. Rossi et al. Heliyon 10 (2024) e23240

In a final heterotrophic cultivation step, the valorisation of low cost by-products from a local confectionery industry is realized to
further increase the biomass productivity. Based on mathematical modelling of the proposed biorefinery scheme, a thoughtful process
design and techno-economic assessment allowed to identify a cost range for biomass production and to discuss the opportunities and
challenges of microalgal nutrient recovery to produce valuable products such as crop biostimulants.

2. Materials and methods
2.1. Proposed case study

The proposed case is a microalgae-based biorefinery where the LFD and CO» from AD of agricultural residues and selected con-
fectionery industry by-products (IBP) are used as substrates for microalgae cultivation (Fig. 1). A three-stage cultivation process was
designed for microalgae cultivation:

i) A first autotrophic step, where a pure inoculum is grown on synthetic medium, to maintain the algal population stable and to
avoid excessive contamination from other phototrophs,
ii) A second autotrophic step, where massive cultivation is achieved using LFD and on-demand addition of COx in industrial-scale
high-rate algal ponds (HRAP) covered by greenhouses, and
iii) A third heterotrophic cultivation stage performed under controlled conditions in fermenters, where the pre-concentrated
biomass obtained from the raceway ponds is fed with digestate and IBPs rich in simple sugars to further increase biomass
productivity.

The biorefinery design, modelling, and techno-economic assessment thus include the three algal cultivation sections, as well as the
required pre-concentration and harvesting sections, and auxiliary equipment to produce the algal biomass. Since no post-processing
processes are explicitly considered for the current techno-economic assessment, the output of the study is the production cost of the
algal paste, that can be applied to any other valorisation pathway. In the current case study, this is meant to be sold and externally post-
processed for biostimulant production, but the proposed techno-economic model does not include such revenues.

Chlorella and Scenedesmus genera were considered as the most promising because of their documented ability to stand harsh en-
vironments and to grow photo-autotrophically or heterotrophically on digestate and waste streams [50], while being interesting for
producing biostimulants [37].

2.2. Process design and modelling

2.2.1. Plant design and assumptions

The biorefinery is designed to be located next to an industrial AD plant producing biomethane located in Northern Italy. Next to the
plant, approximately 3 ha of agricultural land are considered available for the implementation of the biorefinery. The plant, aimed at
producing algal biomass to obtain biostimulants, has been designed according to the following assumptions:
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Fig. 1. Schematic representation of the proposed microalgae-based biorefinery for the integration of microalgae cultivation in biomethane plants.
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- An inoculum preparation under controlled conditions (closed photobioreactor, PBR, and synthetic medium) is used to produce
approximately 10 % of the expected productivity of the following HRAP section (ensuring proper dominance of the desired algal
strains on the culture), and designed according to conventional procedures [51].

- The HRAP section is designed according to conventional criteria [52,53], while operational parameters and productivities are
estimated via a model-based approach with a model validated on similar case-studies, i.e., growing green algae on LFD [21,54], as
detailed in Section 2.2.2.

- The heterotrophic section is designed in order to triple the algal biomass concentration and relies on mixed and aerated fed-batch
fermenters. Heterotrophic growth parameters (e.g., rates and yields) were validated experimentally by using confectionary IBPs
(Supplementary Data SI.1.2).

The main assumptions for each section are detailed below. Further details on design procedures are reported hereafter and in
Supplementary Data (SI.1.1).
The biomethane production plant (AD). The biorefinery is designed to be located next to an industrial AD plant (1 MW, equivalent)

producing biomethane in the Northern Italy. The main plant feedstocks include cow slurry (60 % vv), cow manure (10 % vv) and other
agro-industrial by-products largely available from nearby factories. The plant produces approximately 150 t CO,-y ! through biogas
membrane filtration. Of the digestate produced by the digester, approximately 50 kt~y_1 of liquid digestate are considered to be
available after S/L separation via screw press.

Liquid digestate preparation (DPT). This step is required to reduce the high solid concentrations in the liquid fraction from screw

Table 1
Model parameters used in this work.
Biorefinery Section Parameter Unit Value Reference
HRAP cultivation Reactor type - Raceway pond -
system Reactor volume m3 4,750 -
Liquid depth cm 20 -
Number of reactors - 10 -
Overall surface ha 3.25 -
Process design Hydraulic retention time (HRT) d 20 [54,55]
Biomass retention time (BRT) d 5 [56]
Greenhouse No. of greenhouse covers - 1 [28]
Climatic condition Location of the system - Northern Italy -
Climate classification - Csa (warm mediterranean) [571
Average yearly temperature (min — max) °C 14.3; (-7.8 - 36.6) -
Average yearly PAR (min — max) pE-m 157! 759; (5 — 2033) -
Implemented models Biological and physico-chemical HRAP model - ALBA [58]
One-cover greenhouse-raceway pond model (GH — - Modified Li et al. [28,59]
RWP)
Algal biomass Cultivated strain - Chlorella — Scenedesmus consortium [54]
Maximum specific growth rate a! 2.5 [58]
Biomass composition - C100H183048 N11P [58]
PAR dependence Model - Haldane [60]
Initial P-I curve slope (o) rnz-s-pE’1 0.010 [58]
Optimal irradiance (Iopt) p}:“.~m’2~s’1 300 [58]
Temperature Model - CTMI [61]
dependence Minimum temperature (Tyy) °C -10.1 [58]
Optimal temperature (Topt) °C 20.0 [58]
Maximum temperature (Tyax) °C 42.5 [58]
pH dependence Model - CpHM [62]
Minimum pH (pHyn) - 2.0 [58]
Optimal pH (pHopr) - 8.4 [58]
Maximum pH (pHmax) - 12.0 [58]
DO dependence Model - Hill [63]
50 % Inhibitory concentration (ECso po) mg DO-L ™} 20.0 [58]
Shape factor (n) - 15.0 [58]
Digestate source Type - LFD from agro-waste co-digestion -
Pre-treatments - Flocculation, centrifugation, dilution (1:2 vv) -
Digestate composition TAN mg N-L™? 800 -
NO3 mg N-L ! 0.0 -
POY mg P-L7! 25 -
TIC mg G-L7! 686 -
CODs mgCOD-L™' 3000 -
CODror mg COD-L™! 3900 -
TSS mg TSSL™Y 640 -
Other parameters Biological data - Other biological and physical chemical [54,58]
parameters
Thermal data - Greenhouse and thermal model parameters

Weather data

Hourly weather data

[28,59]
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press, while improving its optical properties to favour light penetration in the HRAPs. To this purpose, polyelectrolyte-assisted
centrifugation with cationic polyacrylamide (CPAM) is used, which is common in sludge dewatering. Preliminary experiments sug-
gested a minimum dosage of 3 g CPAM.L ! for effective clarification (data not shown). In this preliminary assessment, negative CPAM
effects due to accumulation in the biomass have not been determined or included. Dilution was needed to adjust the hydraulic
retention time (HRT) of the HRAPs, while adjusting the TAN concentration to tolerable levels for microalgae. The final flow of LFD
(approximately 100 kt-y !, with the characteristics reported in Table 1) is sent as nutrient source to both the RWP and HET sections.

Inoculum production in photobioreactors (PBR). The section of inoculum production was sized to obtain an algal production of 7.6
t DW~y’1. The inoculum is produced in a multilayer tubular photobioreactor (MTPBR) fed on synthetic medium (modified Bold’s basal
medium, MBBM, with ammoniacal nitrogen as nitrogen source instead of nitrate, to favour microalgae acclimation). The PBR was sized
assuming a photosynthetic efficiency of 3.5 % [64] and a volumetric productivity of 0.4 kg DW-m~>.d~! [51]. A design criterion was
the dissolved O (DO) accumulation in the PBR, responsible for algal growth inhibition [65,66]. A maximum DO concentration
corresponding to 200 % DO saturation was allowed at the end of the tube under the worst condition (35 °C, 6.7 mg DO-L™1).
Stoichiometrically-computed oxygen production rates (OPRs) were incremented by daily and seasonal peak coefficients [67]. The
resulting maximum tube length of 142 m was realized on different layers and the diameter chosen among commercial options was 6.5
cm, with a liquid velocity of 0.5 m-s~1. The total number of modules required to satisfy the production request was thus calculated.
Degassing columns were designed (height: 3.5 m, diameter: 0.35 m), injecting air for stripping DO and other gases, and allowing for
nutrients and thermal regulation (by submerged heat exchangers). CO, from biogas upgrading is injected in the system according to
algal stoichiometry, and to maintain the pH at the desired level. No additional light was considered, to limit capital/operational
expenditures. The energy demand was separately calculated for degassing, pumping, and thermal control. As for degassing, a specific
air flowrate of 0.07 vvm and a 60 % blower efficiency were assumed. The electric energy consumption by the recirculation pump was
estimated according to conventional hydraulic criteria considering the tube length, diameter, and number of bends, allowing to es-
timate head losses (frictional coefficient A = 0.02 and head loss coefficient for U-bends = 0.1). A specific chilling request of 2 MW-ha ™!
was considered (personal communication from specialized providers).

Autotrophic microalgae cultivation in high-rate algal ponds (RWP). As mentioned, the RWP section represents the heart of the
biorefinery, and the entire plant is sized based on this section. The HRAP design is based on the actual land availability for this section
(3.1 ha, corresponding to a wet surface of 2.4 ha), including adequate spacing among ponds [68]. The resulting plant was constituted
by 10 ponds with a length to width (L/W) ratio of 10. The ponds are realized with low-cost techniques, i.e., concrete walls keeping in
place a waterproof lining, and paddlewheels for mixing and mass transfer. To improve the quality of the produced biomass and to limit
potential contaminations (e.g., dust, birds, environmental microorganisms), a greenhouse was considered to cover the RWP. The
impact of the greenhouse cover on the photosynthetically active radiation (PAR) availability and on the yearly temperature profile was
assessed by mechanistic modelling of the greenhouse-pond system [28], as detailed in Section 2.2.2. The use of a single-cover
greenhouse has been identified as the best trade-off to avoid low winter temperatures (in open-air outdoor cultivation) and hot
summer temperatures (with double cover greenhouses). PVC was chosen as material for the cover, due to the higher PAR and near
infrared (NIR) transmittance, allowing for higher heating dispersion during summer [28]. Mechanical ventilation was the most
cost-effective solution to avoid summer overheating, while more advanced thermal regulation strategies would only reveal
cost-effective if cheap/waste energy vectors are available. Model simulations with the state-of-the-art ALBA (algae-bacteria) model
coupled with a GH thermal model [59] and optimization studies performed on digestate in a similar climate [54] were used to define
operational parameters and expected productivities (details on this model are reported later in Section 2.2.2). According to simula-
tions, this section is expected to produce 76 t DW-y ! (9.8 g DW-m~2.d™1). The optimal liquid height of ponds was explored in the
range 10 — 30 cm, and a value of 20 cm was eventually fixed, consistently with typical values [51]. No optimized liquid height
management was considered, even if this could represent an interesting alternative to increase the productivity [69,70]. The retention
times (HRT and BRT) were decoupled to simulate biomass or effluent recirculation [56]. In this case study, according to digestate
characteristics providing fresh nutrients, the HRT was kept high (20 d) to limit water consumption and to adjust nutrient loads to the
stoichiometric request. As confirmed by simulations, higher HRTs were excluded, possibly resulting in inhibition due to salt accu-
mulation, as well as in nutrient limitation. As for the BRT, a value of 5 d has been considered as optimal value in a previous
model-based optimization [54]. The electric energy consumption for running the pumps and paddlewheels was computed assuming
3.5 kW-ha ! [68]. Ventilation was designed to achieve 30 greenhouse volume changes per hour, requiring 30 fans with 1.5 kW power
each.

Biomass pre-concentration (BPC). The biomass produced in RWP must be concentrated before entering the subsequent hetero-
trophic stage to limit its footprint. Moreover, a higher initial biomass concentration is expected to favour the algal population with
respect to undesired microorganisms (e.g., bacteria and fungi), potentially entering the fermenters with the LFD. The pre-
concentration is realized by dissolved air floatation (DAF) assisted with flocculant (15 mg Alz(SO4)3-L’1, contact time: 15 min), as
suggested in previous literature works [71], for increasing the biomass concentration up to 5 g DW-L™L.

Heterotrophic microalgae cultivation in fermenters (HET). This stage is performed in stainless steel fermenters operated in fed-
batch with concentrated sugar-rich IBPs providing readily degradable carbon, and LFD providing nutrients. The fermenters have
been sized to triple the initial algal concentration, thus producing further 168 t DW-y . The fermenter volume and reaction times were
determined based on biomass yield coefficients, maximum specific growth rates, and lag phase durations, as proposed in literature [72,
73]. The resulting HET volume is 707 m?, divided in 4 fermenters (height: 3.5 m, diameter: 8.0 m) operating in 3.5 days cycles. In the
absence of an exact IBP composition, the request for sugar-rich by-products was based on stochiometric growth on glucose [74,75] and
algal yields (Supplementary Data SI.1.2). The electricity consumption is based on design data and mass balances for: i) aeration, with a
specific power consumption of 1 kWh-kg O3, a stoichiometric oxygen request of 1.1 kg Oo-kg IBP}, and a transfer efficiency of 20 %;
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ii) pumping, considering the fermenters height and flowrate according to the imposed HRT; and iii) mixing, with a specific power of 20
W-m ™~ and 80 % motor efficiency [76]. Cleaning of the fermenters was considered using sodium hypochlorite (NaClO, 100 mg-L™1)
after every fed-batch operation.

Biomass harvesting (BH). The final harvesting step is realized by centrifugation of the heterotrophic algal biomass, without further
pre-concentration treatment, thanks to the high solid concentrations from the HET section. Centrifugation is required to obtain an algal
paste at 200 g DW-kg ™! (20 % ww), that can be stored and shipped for post-processing. The electric consumption of the centrifuge is
assumed as 1.5 kWh-m 3 of algal suspension harvested [68].

2.2.2. Mathematical modelling

To simulate the algal biomass production in the proposed biorefinery concept, the ALBA model was adopted [58]. The model was
previously calibrated and validated on datasets from long-term experiments with different wastewaters and climatic conditions,
obtaining robust predictions on nutrient removal and biomass production. The model is based on previous water treatment and quality
models, integrating relevant biological processes (growth and respiration of microalgae, heterotrophic bacteria, and nitrifying bac-
teria; hydrolysis of slowly-biodegradable matter and organic nitrogen) and physical-chemical phenomena (pH equilibrium; atmo-
spheric stripping and absorption). The model includes CO injection for pH control around optimal strain-specific values, as well as
HRT/BRT decoupling. In this work, the ALBA model was coupled to mechanistic thermal models, allowing to simulate the effect of
greenhouses or open-air configurations [28,59,69]. The combined thermal-biological model was used to simulate different scenarios of
yearly temperature/irradiance profiles and operational conditions (HRT, BRT, liquid depth), in the presence/absence of the green-
house. The model included the effect of the greenhouse cover transmittance, significantly decreasing the PAR at the pond surface [28,
771. The actual evaporation rate was dynamically estimated by the model and used to calculate make-up water requirements. Local
hourly data (air temperature, global irradiance, relative air humidity, and wind velocity at 10 m above ground) were provided by the
local regional environmental protection agency, as reported in Supplementary Data (SI.1.1).

In the simulated case study, an algae-bacteria consortium is expected to establish in the HRAPs due to the use of COD-rich and TAN-
rich LFD, though the recalcitrant nature of digestate COD maintains the concentration of heterotrophic bacteria low [54]. Nominal
model parameters have been used to describe the dependence of the algal growth rate on local temperature, PAR and other envi-
ronmental conditions [63]. Relevant parameters used for simulations are reported in Table 1 and related references. At this stage, no
dynamic modelling of the other two cultivation stages (PBR and HET sections) was implemented, so that literature assumptions and
experimental parameters were applied in the design procedure (see Section 2.2.1 and 2.3.2).

2.3. Techno-economic assessment: methodology and assumptions

For the techno-economic assessment (TEA) of the algal biorefinery, the plant layout described in Section 2.2.1 is considered,
excluding the anaerobic digestion and LFD preparation (i.e., assuming that LFD and CO; are provided for free to the biorefinery). Cost
evaluation was based on the expected yearly productivity, including dynamic outputs of the RWP and steady-state outputs for PBR and
HET sub-models.

The framework for the economic assessment was based on robust TEA methodologies developed by the National Renewable Energy
Laboratory (NREL) [67,68,78] and other research units [64,79-81], as well as on internal evaluations on similar case studies [21,82].
In the following sections, the main economic assumptions for each section are reported for the calculation of operational and capital
expenditure (OPEX and CAPEX, respectively). More details are available in Supplementary Data (SI.1.2).

2.3.1. General plant assumptions

The calculated CAPEX is given by the sum of major equipment costs (MEC), land, civil works, instrumentation and control, as well
as commissioning, transportation and engineering. The plant is constructed close to the AD plant and the land cost was calculated
based on Eurostat data for the year 2021 [83]. The evaluation of MEC for specific sections is reported in Section 2.3.2. Other CAPEX
were calculated based on preliminary internal surveys.

For items with no direct quotation, literature costs were used and an exponential scale law (cost exponent: 0.67) was considered to
calculate the equipment price based on its size and available quotations for different sizes [80,84,85], providing a fair estimate of
actual equipment costs. Available quotations in different currencies than € were converted and actualized to € (2023), based on the
year of the reported quotation.

The calculation of OPEX included: labour, electricity for electro-mechanic equipment, nutrients and sugar-rich by-products, other
reagents, and consumables. The labour cost was assumed as 90,000 €-y ! (one skilled operator for plant management and production
control, one supervisor, and one operator for biological supervision). The electricity cost was evaluated based on the operativity and
energy demands from single units (Section 2.3.2). A combined heat and power (CHP) unit is used to cover internal electric and heat
demand. A natural gas cost of 0.210 €-Sm > was considered, based on internal surveys on industrial gas prices within the next decades.
The cost for CO, delivery was included as 15 % increase of the specific energy consumption of the RWP section, with no additional
costs for gas delivery infrastructures. The make-up water to compensate evaporation in HRAPs and to prepare nutrient solutions in PBR
and HET was assumed to be groundwater from a local well, available at 0.50 €-m™, Reagent requests were calculated for each section,
based on related mass balances. For reagents and consumables, unitary costs were calculated based on chemical engineering plant cost
index (CEPCI), in case of quotations available from different time periods [86]. Maintenance of the greenhouse and other equipment,
as well as insurance, security and administration, and fees were quoted based on internal surveys (Supplementary Data, SI.1.2). The
depreciation of investments was calculated with 10 % discount and 5 % interest rates over the biorefinery lifespan (20 years).
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2.3.2. Assumptions for each section

Inoculum production in MTPBRs (PBR). Capital costs for this section include the MTPBR cost provided by specialized producers, with
recirculation pumps, air pumps, degassing columns, and chillers. Influent and effluent pumps are not included and were quoted
separately. The OPEX of the PBR section is the sum of the yearly cost for electricity and nutrients, based on N and P stoichiometric
requirements (considering 90 % utilization efficiency).

Autotrophic microalgae cultivation in HRAPs (RWP). The low-cost design of the raceway ponds includes: concrete and impermeable
liner to realize the RWPs, pipes and electric wires, pumps, and paddlewheels. The required amount of concrete (obtained at 120
€~m*3), impermeable lining (7 €~m*2), pipes and wires (100 €-m’1) were calculated based on pond geometries, allowing 3 m of
distance among ponds. Electric wires have been assumed with a length of 50 % of pipes [68,82]. One paddlewheel for every pond was
considered, with a specific installation cost of approximately 83 k€-unit™! [68]. The overall cost for the pond systems, including
concrete, lining, paddlewheels, pumps, pipes, electric wires resulted in approximately 170 k€-unit ™. The entire RWP section is located
under a PVC greenhouse, with an installation cost provided by a commercial offer. The OPEX of the HRAP section include the electric
energy consumption and the greenhouse maintenance (covers substitution every 4 years).

Biomass pre-concentration (BPC). The pre-concentration section is realized with DAF units, having a specific installation cost of 29 €
per unit of flowrate treated (m>.d 1), as suggested in similar case studies [68,82]. The operational cost for biomass pre-concentration is
given by circulation pumps and air insufflation, that is calculated based on the modelled DW concentration and the assumption of 130
kW h-t DW! [68].

Heterotrophic microalgae cultivation in fermenters (HET). The capital costs for the heterotrophic section include the cost for fer-
menters installation, pumps, mixing, and aerations systems [64]. Operational costs include the cost of electricity, sugar-rich IBPs, and
water to prepare concentrated solutions. As for sugars, the specific cost for locally available IBPs was 60 €-t, and their demand was
based on sugar conversion stoichiometry and experimental yields (see Supplementary Data SI.1.2).

Biomass harvesting (BH). The capital expenditures of this section are the installation costs for the pumps and for the microalgae
centrifuge, as assumed from previous reports [64,68]. The OPEX of the section are represented by the electricity consumption for
pumping and centrifuging.

2.3.3. Sensitivity and scenario analysis

Based on TEA results, relevant parameters having an impact on the final biomass production cost were identified, and their
sensitivity was assessed based on + 20 % cost variation. As detailed below, two further scenarios were coupled to the baseline one: a
best-case and a worst-case scenario, in which all sensitive parameters were varied together, resulting in positive and negative additive
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Fig. 2. Layout of the microalgae-based biorefinery plant designed in this study.
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impacts, respectively. This approach allows identifying reliable minimum-maximum range estimates, and has been used to assess
uncertain biomass production costs in microalgae systems [21,80].

3. Results

3.1. Design results, modelling and integrated assessment

A complete scheme of the proposed biorefinery layout is presented in Fig. 2. The flowrates and the mass flows for the most relevant
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Fig. 3. Sankey diagrams representing relevant mass balances for the proposed biorefinery concept. Flowrates (A) and mass flows of nitrogen (B),
phosphorus (C), COD (D), and TSS (E). The nomenclature for nodes and links can be found in Fig. 2.
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parameters (i.e., nitrogen, phosphorus, COD, and TSS) are summarized as Sankey diagrams in Fig. 3A-E.

The inoculum production takes place in a large installation of MTPBRs (124 modules, length: 142 m each, total volume: 58 m?), that
allows maintaining controlled conditions and producing a pure cultures with no external contamination. The PBR provides a constant
inflow to the RWP of 1,910 m®y~!, at the design concentration of 4 g DW-L™" (resulting in a biomass production of 7.6 t DW-y~1). To
do so, the MTPBR uses 0.7 t-y ! of agricultural fertilizers and receives 40.8 t CO,-y ! from biogas upgrading in AD. The water con-
sumption of this section covers the entire flowrate entering the PBR. The PBR section accounts for the largest fraction of the overall
energy consumption of the plant, with 506 MWh-y !, mainly due to the temperature control and circulation pump systems. Large-scale
autotrophic growth in open ponds (2.37 ha of cultivation area with 10 large-scale ponds, with a length of 154 m, a width of 15m, and a
total volume of 4,750 m®) allows achieving a massive production of microalgae. According to model-based simulations, the average
expected RWP production is 76 t DW-y~?, in line with previous case studies [21,22,54,87]. Moreover, the development of undesired
bacteria in the system is limited, thanks to the recalcitrant nature of organics in the digestate, that is composed of unbiodegradable
COD for approximately 60 % [88,89]. In this section, nutrient removal efficiencies based on model simulations are: 80 % for TAN, 65 %
for PO3~, and 15 % for soluble COD. The system is fed with 408 t CO,-y ! from AD, which are transferred to the system and utilized
with 35 % efficiency. The HRAP system is responsible for approximately 146 MWh-y !, mostly represented by the paddlewheels and
greenhouse ventilation energy. The HRAP effluent is concentrated via flocculant-assisted S/L separation realized by 5 DAF units (each
with 16 m® volume), concentrating the biomassup to 5 g DW-L™. In the DAF process, 4.7 t~y_1 of Al3(SO4)3 are assumed to be dosed
for efficient clarification. The energy request for the DAF is estimated as 52.6 MWh-y !, mostly due to the aeration. The last het-
erotrophic biomass production stage (HET) is aimed at further increasing the biomass concentration and the yearly production of the
biorefinery, thus reducing the overall biomass production cost (see also Section 3.3). The heterotrophic stage (carried out in 4 fer-
menters with a height of 3.5 m and a diameter of 8.0 m, for a total volume of 707 m®) was designed to produce 168 t-y* of biomass
utilizing the nutrients (N and P) contained in the LFD and the organic matter contained in IBPs, thus promoting their recovery as
valuable agricultural products.

This approach allows to divert 336 t-y ! of industrial waste from disposal and to reduce the loads of nutrients associated to 20.7
kt-y ! of digestate from field spreading or further treatment. On the other hand, CO5 production from the heterotrophic metabolism
reaches up to 316 t CO,-y ™, thus reducing the net amount of CO, captured from the plant. The energy consumption in HET, mainly due
to aeration and mixing of the algal suspension, can reach up to 325 MWh-y !, thus representing one of the most relevant OPEX for the
plant. As demonstrated by model simulations and experimental results, feeding the heterotrophic reactors with pre-concentrated,
autotrophically-grown biomass, limits the growth of heterotrophic bacteria, and thus their relative concentration in the harvested
biomass. The algal biomass produced in the HET section is finally delivered to a centrifuge for biomass harvesting, producing an algal
paste at 20 % ww of solids. This unit is energy-intensive, as demonstrated by the consumption of 65.1 MWh-y !, and strongly con-
tributes to the operational expenditure of the biorefinery (see also Section 3.3), as suggested in literature [90,91].

To produce biostimulants, the biomass stream must be further dried and post-processed via enzymatic hydrolysis and solvent
extraction to obtain algal extracts. Although process design criteria and cost evaluations already exist for this post-processing route
[92,93], the overall aim of this work was to evaluate the feasibility of producing the algal biomass and to evaluate the related pro-
duction cost. Thus, the biorefinery battery limit was set to the algal paste production, without evaluating additional costs for
downstream processing, nor additional revenues from selling the biomass.

3.2. Techno-economic assessment

The techno-economic assessment was first carried out on the baseline scenario, i.e., for the mass and energy flows depicted in the
plant layout of Fig. 2. The results of the economic assessment are summarized in Table 2 and more details are available as

Table 2
Detail of costs evaluation for the baseline scenario.

Cost type Cost item Best case Baseline Worst case Unit

OPEX Electricity 47 59 71 key!
Water, reagents 55 68 82 K€yt
Labour 72 90 108 k€-y~!
Maintenance and cleaning 38 38 38 key !
Fees 181 181 181 key!
Depreciation 210 247 283 K€yt
Other costs 15 15 15 k€y~!
Total yearly cost 618 698 778 key !

CAPEX Photobioreactor (PBR) 880 1,100 1,320 ke
Raceway ponds (RWP) 1,360 1,700 2,040 ke
Heterotrophic cultivation (HET) 680 850 1,020 ke
Pre-concentration and harvesting (BPC, BH) 320 320 320 ke
Land 128 160 192 k€
Other costs 966 966 966 k€
Total expenditure 4,334 5,096 5,858 k€

Specific costs Total biomass production 252 252 252 tDW-y !
Specific biomass production cost 2.5 2.8 3.1 €. tpw !
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Supplementary Data (SI.1.2).

In the baseline scenario, a production cost of 2.8 €-kg DW™ ! was calculated, in line with previous TEA of systems fed with
wastewaters [82,86] and digestate [21]. Comparing these results with the available literature, a further cost reduction can be expected
when designing larger systems, or when treating more suitable wastewaters, in terms of solids and TAN concentrations [18,19,82]. The
total CAPEX for the biorefinery is 5.1 M€, with the largest contributors being the raceway ponds (33 %), followed by the photo-
bioreactor units (22 %), heterotrophic fermenters (17 %), with a lower percentage for the biomass pre-concentration and harvesting
sections (6 %). The total OPEX for the biorefinery is calculated as 698 k€-y~*, including: i) fixed costs for the investment depreciation
(35 %), fees (26 %), and other costs for insurance, security, and administration (2 %); ii) operational costs for electricity (9 %), water
and reagents (10 %), labour (13 %), and maintenance and cleaning (5 %). Fixed costs represent the majority of yearly costs, while the
remaining OPEX are more evenly distributed. The complete distribution of OPEX and CAPEX for the baseline scenario is reported in
Fig. 4A and B, respectively.

When performing the sensitivity analysis, parameters were chosen according to their ranking among OPEX or CAPEX, excluding
parameters that cannot be varied (such as administrative costs, depreciation, land and other CAPEX constrained by engineering). The
following parameters were thus chosen: i) the cost of electricity, water and reagents, and labour (OPEX); ii) the equipment cost of
cultivation systems in the three stages: MTPBRs, HRAPs, and fermenters (CAPEX). As shown in Fig. 4C-D, the variation of these
parameters showed a quite similar response on the final production cost, with only a weak improvement (or worsening) of biomass
production costs, compared to the baseline scenario. Indeed, relative percent variations of the final production cost always remained
within £ 2.5 - 3 % for all parameters, suggesting that other cost items prevail on the overall balance, buffering the effect of selected
parameters. This narrows the possibility of effectively reducing the production cost, unless the production size is enlarged, or boundary
conditions are optimized (e.g., nutrient assimilation, climatic conditions, etc.). Despite the relatively small contribution of the
mentioned parameters, a best-case and a worst-case scenarios were identified by the concurrent variation (+ 20 %) of all parameters.
So, the biomass production cost ranges from 2.5 to 3.1 €-kg DW ™! (& 12 % variation around the baseline). This range can be considered
an accurate and reasonable assessment of the real biomass production cost, by accounting for possible additive effects. It should be
stressed that the obtained cost range seems compatible with downstream processing costs for biostimulants production, so that the
economic feasibility of the biorefinery process is here demonstrated [92,93]. A detailed breakdown of costs for the three scenarios
(best-case, baseline, and worst-case) is given in Table 2.

3.3. Discussion: opportunities, challenges, and further research needs

The proposed process allows for sustainable algal biomass generation, only using waste resources and a minimal input of reagents,
water, and energy. The combination of the biomethane plant and the algae-based biorefinery allows to recover nutrients from agri-
cultural feedstocks and industrial by-products, and to produce energy, biofertilizer/compost, algal biomass, and nutrient-depleted
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water for agricultural reuse. In particular, the range of biomass production costs obtained via techno-economic modelling (2.5 - 3.1
€-kg DW 1) was fairly low and suitable for further post-processing to obtain biostimulants or other bio-products from the algal
biomass. Nonetheless, based on the proposed design and modelling results, as well as on experimental results, relevant technological
challenges and barriers limiting the spread of algal biorefineries are to be highlighted and discussed. Indeed, in order to increase the
reliability and efficiency of the algal biorefinery process, the following aspects are of primary importance.

At the digestate-level: An optimization of digestate composition may be required to maximize nutrient recovery [13,94]. Indeed,
several digestate composition parameters may be enhanced, triggering a better algal growth performance. Among the most important
factors affecting the growth of microalgae in digestate there are: i) unbalanced ratios among important macro-nutrients (i.e., the C/N
and N/P ratios); ii) excessive concentrations of TAN, salts, and other toxic/inhibitory constituents (e.g., metal ions, and organic
compounds); and iii) optical properties of the digestate. Several alternatives exist for alleviating these issues [13,20]. To mitigate
nutrient unbalances, components present at too high concentrations can be removed (e.g., by stripping excess NH3 or biologically
removing the excess COD) or missing nutrients can be recovered from other streams and supplemented (typically, phosphorus from
precipitation processes) [95]. With respect to optical properties, dilution represents the easiest solution, allowing to regulate the
concentrations of inhibitory compounds and to increase the light transmission within the suspension. However, dilution equally re-
duces the concentrations of all constituents and does not allow to regulate nutrient ratios. In addition, freshwater consumption poses
economic and environmental concerns. Effluent recirculation increasing HRTs can be considered if accumulation of salts and
non-reactive inhibitory compounds remains within acceptable ranges [56]. More efficient solutions for colour and solids removal
include filtration, adsorption and advanced oxidation processes, still characterized by high OPEX [95]. Within the proposed bio-
refinery concept, digestate pre-treatment is obtained by flocculation at high flocculant dosages. Despite relatively high separation
efficiencies obtained by this technology (see also Section 2.2.1), this option has high operational costs. In addition, flocculant toxicity
should be preliminarily assessed, especially with metal-based or organic flocculants, that can result in inhibited growth [71].

At the process-level: To increase the efficiency of microalgal biomass production in wastewater treating systems, several ap-
proaches have been attempted [94]. The optimization of environmental conditions (PAR intensity, temperature, pH, DO, and salinity)
and of operational pond parameters (HRT, BRT, and liquid depth) according to species-specific optima can certainly play an important
role [54,96]. Indeed, by assessing the impacts of these operational conditions at the bench-scale, it is possible to identify the values for
the different parameters maximizing the biomass productivity and/or nutrient removal throughout the year [56,63]. Another aspect to
be considered for advancing the knowledge on these systems is the use of mechanistic models, helping in the identification of relevant
interactions among microalgae and associated wastewater bacteria, also being useful for the identification of “hidden” process rates
reducing the overall process efficiency [58,97]. Mathematical modelling of the RWP system with the ALBA model provided extremely
useful inputs for the biorefinery design in this work. The biomass production could be investigated under dynamic weather conditions,
together with the removal efficiency of HRAPs. The simulation of a greenhouse-pond system with a coupled biological-thermal model
allowed to define the most suitable greenhouse configuration (e.g., the number of covers to be installed, or the preferred temperature
control strategies) [28]. The adoption of comprehensive mathematical models is thus strongly suggested to evaluate process outputs
under a wide variety of operational conditions. The availability of advanced simulation tools may also help in the evaluation of further
synergies that can be put in place within the biorefinery. For example, microalgae cultivation under mixotrophic conditions has been
suggested as a way to increase the biomass concentration and productivity compared to other cultivation modes [98]. Using a vali-
dated growth model for comparing the expected productivity under different metabolic pathways would allow to assess different
scenarios and to identify the optimal plant configuration reaching the technical and economic feasibility. Another interesting synergy
for microalgae integration in biogas plants is the use of microalgal cultures to directly perform photo-biological biogas upgrading, that
has been proposed as sustainable solution for integrated wastewater treatment, energy generation, and biomass production [27]. Last
but not least, a thorough analysis of the expected environmental impacts is still lacking in the technical literature, with only a few
works recently trying to draft the life-cycle assessment (LCA) of microalgae cultivation plants fed on wastewaters [12,99]. As emerged
from the preliminary analysis of carbon fluxes in the proposed biorefinery, the net fixation of CO2 by the plant (occurring during the
autotrophic stages) can be hindered by the release of CO3 during the heterotrophic metabolism. However, quantifying these contri-
butions without proper LCA and plant-wide process models is not straightforward, this representing a relevant research need.

At the biomass-level: as suggested in previous studies, there is a large potential for increasing the biomass productivity in outdoor
systems, by directly optimizing the algal metabolic activities [40]. Among advanced metabolomic tools, a large room for improvement
is given by the selection of proper microalgae strains. For example, in this work it was demonstrated that green microalgal strains of the
species Chlorella and Scenedesmus have the ability of growing on wastewater resources and releasing useful substances for bio-
stimulants production. A large screening of microalgae strains should be thus conducted to search for other strains that can adapt to
wastewaters, having more suitable characteristics for their valorisation compared to the strains tested in this study. For example, the
use of extremophilic microalgae can help maintaining low contamination levels for pathogenic and other environmental bacteria. In
this perspective, temperature and pH extremophiles have been proposed for the use in environmental applications [100,101], which
however have to be carefully evaluated on a case-by-case basis, in light of their practical applicability (reagent requests, needs for
further effluent post-treatment, environmental impacts arising from the operational conditions, e.g. NHs stripping under alkaline pH or
high temperatures).

At the bio-product level: Different factors should be considered and investigated, related to the target bio-products quality and
requirements. First, a certain variability of the product characteristics must be foreseen and evaluated [45,102]. In particular, the
optimization and standardization of both microalgae cultivation and downstream processing should be carried out, aimed at reducing
the high variability in the product characteristics [102]. Within this topic, further actions may be needed to reduce the contamination
risks, especially where the generated bio-product enters in contact with edible plant parts [84].
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At the policy-level: When referring to algal cultivation on waste-recovered nutrients, several concerns have been raised, related to
the safety of bio-products obtained from a wastewater-grown biomass. Indeed, a regulatory framework is still missing in this
perspective, that would help defining the right nutrient valorisation pathways. Notably, the recent EU legislation (2019/1009) on
biofertilizers and biostimulants gave precise indications about the level of pathogenic bacteria for agricultural products derived from
microalgae grown on wastewater. However, other interesting valorisation routes are not specifically dealt with by regulatory au-
thorities, making it difficult to assess whether a designed process may generate products that can effectively enter the market. Another
strategy for policy makers to foster algae-based biorefineries comes from economic incentives, such as from carbon credits or from
beneficial nutrient recovery [21,103].

4. Conclusions

A biorefinery process based on the integration of microalgae cultivation in biogas/biomethane plants was proposed. A full-scale
plant was sized, based on innovative three-stage microalgae cultivation: a PBR inoculation phase (58 m®), a large-scale raceway
pond system (2.4 ha, 4,750 m?), and a final heterotrophic stage in fermenters (707 m?). Within the process, 252 t-y’1 of algal biomass
are produced, treating almost 100 kt-y ! of digestate liquid fraction (i.e., approximately 50 kt-y ! of raw liquid digestate), 400 t-y ! of
industrial by-products, and 474 t CO2-y~! (of which 170 t-y ! are effectively taken up in autotrophy). Process design was carried out
with established technical and engineering criteria, using parameters validated at pilot-scale. The plant design was aided by mathe-
matical modelling of raceway ponds, on which local weather conditions have the strongest impact. Dynamic modelling of microalgae
growth in raceways was coupled to a thermal model predicting the evolution of temperature under a greenhouse to find optimal
temperature control strategies. The assessment of uncertain parameters allowed to validate the use of waste resources (digestate and
industrial by-products), and to reinforce preliminary design assumptions. By combining process design and modelling outputs, a
comprehensive techno-economic assessment of the biorefinery was implemented, and a biomass production cost of 2.8 €-kg DW ™! was
calculated. By performing a sensitivity analysis on the most relevant OPEX and CAPEX, a more accurate estimate for the biomass
production cost lays in the range 2.5 — 3.1 €-.kg DW ™}, that is appealing for the valorisation of waste nutrients as biostimulants or other
products.
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