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A B S T R A C T   

Nutrients can be circulated back to agriculture from waste streams through anaerobic digestion and digestate 
processing. Digestate processing, however, is making slow progress as circulated nutrient products have not been 
cost competitive compared to fossil fertilizers and not designed from the farmer’s perspective to truly match with 
the regional nutrient need. In this study, the aim is to assess apply mathematical optimization to the design of a 
cost-optimal processing route for a biogas plant’s digestate to produce fertilizer products based on specified 
regional needs. Another aim is to analyze whether such a cost-optimal solution can fully exploit the nutrient 
recycling potential, that is, the efficiency of such a solution in returning nutrients to agriculture. The results 
indicate that mathematical optimization allows the design of a cost-optimal digestate production routes based on 
the region’s nutrient need and characteristics. The true cost optimum was found for a design combining three 
processing technologies and producing four nutrient products, which when mixed, would fulfil farmer’s fertil-
ization needs. However, there seems to be a conflict between an optimal economic design and a full exploitation 
of recycling potential as only 25% of the digestate’s phosphorus was utilized within the case region. This is 
because only 29% of the digestate mass was used and processed as fertilizer, as the concentration of required 
nutrients was deemed too low for economic use. The proposed mathematical model could be implemented as tool 
to assist in biogas plant investment decisions.   

1. Introduction 

Nutrient and carbon recycling plays a significant role in both the 
circular economy and bioeconomy. It aims to close material cycles, 
reduce the need for mineral and fossil-based materials, reduce emis-
sions, and enable effective use of various side streams from agricultural, 
municipal, and industrial activities. Nutrient recycling is widely pro-
moted in the EU through the Circular Economy Action Plan (COM/ 
2020/98 final), which acknowledged the need for more uniform regu-
lation to improve markets for recycled fertilizers. The Farm-to-Fork 
strategy focused on the management of organic waste and its recy-
cling into fertilizers and avoidance of excess nutrient use (European 
Commission, 2020a). The recent report by the Intergovernmental Panel 
on Climate Change (IPCC, 2021) also highlighted agriculture’s role in 
emission reduction and climate change mitigation. Through enhanced 
circulation of nutrients, it is expected that the need for mineral fertilizers 

will decrease, and regionally available nutrient-rich biomasses will 
promote nutrient self-sufficiency (Moinard et al., 2021), possibly 
balancing the effects of mineral fertilizer price fluctuations. The avail-
ability and price of mineral fertilizers depends mainly on mineral and 
fossil resources, phosphate rock, and natural gas. The EU lists both 
phosphate rock and phosphorus as critical raw materials (COM/2020/ 
474 final) due to their economic importance and supply risks (European 
Commission, 2020b), while the production of N fertilizers relies mainly 
on fossil fuels like natural gas as the hydrogen source (Flórez-Orrego 
et al., 2019). 

Processing and treatment of municipal, industrial, and agricultural 
waste-based biomasses through anaerobic digestion is one option for 
nutrient and carbon recycling. Energy has traditionally been acknowl-
edged as the process’s main product; less attention has been paid to the 
nutrient management of municipal waste-based biomasses (Logan and 
Visvanathan, 2019; Valve et al., 2021). Digestate, the residual biomass 
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after the anaerobic digestion process, is used either as fertilizer or soil 
amendment in agriculture or is directed to landscaping or landfill covers 
(Peng and Pivato, 2019). However, digestate’s quality and characteris-
tics do not necessarily meet agricultural fertilizers’ requirements in their 
nutrient content and ratios, presence of contaminants, and consistency 
(Vaneeckhaute et al., 2014). Dilute nutrient concentrations lead to high 
transportation costs per tonne of nitrogen. The lack of suitable land area 
for digestate spreading means biogas plant operators pay farmers to 
dispose the digestate in some regions (Dahlin et al., 2015). This chal-
lenges feasible business start-ups and distorts the digestate market. It is 
proposed that digestate processing will increase the digestate’s eco-
nomic value due to the nutrient concentration (Lamolinara et al., 2022). 
This enables the more efficient and sustainable use of nutrients where 
they are needed (Lamolinara et al., 2022), serving as a path toward the 
circular economy (Koppelmäki et al., 2021). 

Several technologies enhance the recycling, transportability, and 
marketability of digestate and its nutrients as fertilizers, including the 
production of dry pellets resembling mineral fertilizers or liquid nutrient 
concentrates. Such products are probably more valuable on the fertilizer 
market, but their production has investment and operational costs 
(Herbes et al., 2020; Vaneeckhaute et al., 2017). Processing does not 
guarantee marketability and commercial success, as farmers can avoid 
using recycled fertilizers for both practical and ideal reasons (Bar-
ampouti et al., 2020; Lamolinara et al., 2022). The latter are often 
negative attitudes toward sludge-based products due to pathogen and 
contaminant risks, which may be overcome through advanced process-
ing to chemically separate nutrients or thermally eliminate contami-
nants to guarantee a safe product for end users. Practical reasons to 
avoid waste-based fertilizer materials often concern the products’ 
varying quality (Vaneeckhaute et al., 2014) and the lack of suitable 
spreading machinery for new fertilizer products (Barampouti et al., 
2020) like concentrated liquid fertilizers. 

In aiming for digestate valorization in accordance with circular 
economy principles, and especially the recycling of nutrients as fertil-
izers, the digestate treatment needs to be incorporated into biogas plant 
investment. The plant operator’s main criterion is often the system’s 
economic performance (Herbes et al., 2020; Rehl and Müller, 2011), 
that is, the selling price of products should be higher than the production 
cost. The product needs to be suitable and effective if fertilization is to 
achieve high price and access the market (Rehl and Müller, 2011), and 
farmers often prefer products similar to mineral fertilizers (Tur-Cardona 
et al., 2018). The true need for fertilizers depends on crop production, 
field areas, and field characteristics, which need to be considered when 
planning digestate processing. The availability of machinery for 
spreading fertilizers also affects the form (solid, liquid, granular, etc.) in 
which the products can be delivered, all of which are important when 
the goal is to produce marketable and customized fertilizers as required. 
Meanwhile, achieving cost-competitive prices for produced fertilizers 
means the plant’s total cost, including investment and operations, 
cannot be overlooked. The plant operator should be able to combine all 
this knowledge of processing technologies and regional fertilization 
needs before making the investment decision. However, optimization is 
needed, because there is a huge array of alternative processing units, 
making the design of optimal digestate management complex and time- 
consuming. This is especially true when the option to combine treatment 
units in various interconnected ways is considered. 

The selection of digestate processing technologies can be based on 
guidelines using fertilization recommendations and agronomic criteria 
(Angouria-Tsorochidou et al., 2022; Sobhi et al., 2022; Vaneeckhaute 
et al., 2018) or other environmental indicators like waterbody eutro-
phication (Martín-Hernández et al., 2021), but to achieve optimal de-
signs in which all relevant aspects receive balanced consideration, one 
should resort to systematical approaches like mathematical program-
ming. Mathematical programming models have been presented for the 
spatial optimization of biogas plants, consideration of local biomass 
sources, and the opportunities to use the digestate in farming (e.g., 

Galvez et al., 2015; Metson et al., 2022; Thiriet et al., 2020). The nu-
merical optimization of biogas plants and its role in energy conversion 
have also been reported (e.g., Kunatsa and Xia, 2022; Markowski et al., 
2014; Pérez-Uresti et al., 2019). However, there is limited research on 
the mathematical programming of digestate processing with only one 
published study by Đurđević and Hulenić (2020), and none of the pre-
vious models have combined the digestate processing and regional 
fertilizing needs. Thus, the aim of the present study is to create such 
model to assess the regionally optimal digestate processing and its 
economic performance. 

To reach the aim, the study’s objectives are to determine i) whether 
regionally optimal digestate processing solutions can be identified using 
mathematical tools, and ii) how effective the optimal solution is in 
exploiting the nutrient resources and returning them to agricultural 
land. The optimal digestate processing solution refers to the most 
economical technical solution, which produces enriched nutrient prod-
ucts with desired characteristics, minimizing mineral fertilizers uses in 
the area. Mathematical optimization is tested as a method for finding the 
optimum and studying the exploitation of nutrient resources in the case 
region. Here, Finland showcases the model’s functions, but it can be 
applied to different cases. 

2. Materials and methods 

2.1. Framework of digestate nutrient use 

In current digestate management, biogas plant operators focus on the 
production of digestate with little emphasis on refining its quality for 
agriculture. Digestates alone rarely fulfill fertilization needs, and min-
eral fertilizer supplementation is required and often preferred (Tur- 
Cardona et al., 2018). It is the farmer’s task to match the fertilization 
between available digestate-based nutrients and mineral fertilizers, 
where the varying quality of products derived from biogas plants hin-
ders their use and lessens farmer’s willingness to pay for them. A way 
forward would be to match the digestate nutrient quality with the 
regional fertilizer need to minimize environmental problems, increase 
circularity and improve biogas plant’s economic situation (Fig. 1). 

In a locally optimized system (Fig. 1), the digestate operator pro-
cesses digestate and mixes nutrients into refined fertilizer products that 
match the crop’s nutrient need. The farmer gets full fertilization in one 
product, and less supplementary fertilization is required, which reduces 
work in planning and fertilization. This would also lessen the risk that 
recycled fertilizer products are rejected because of varying quality (e.g., 
nutrient content and ratios, low total solids (TS) content), which is one 
of the main obstacle to their market development (Vaneeckhaute et al., 
2014). Processing and further enriching also ensure the right consis-
tency from the machinery perspective, the importance of which has 
previously been highlighted in modeling nutrient recycling (Vaneeck-
haute, 2021). 

2.2. Mathematical optimization model 

Mathematical optimization can process extensive data and identify 
the best solution based on given criteria. The developed mathematical 
model can be classified as a linear allocation model. The aim is to obtain 
the most suitable design for the digestate processing technologies given 
both the factual nutrient demand and limitations of an agricultural re-
gion. It also identifies the amount and quality of digestate available, 
because it is essential to ensure the stable quality of the products so that 
farmers can rely on them. The required decision is for a mixed integer 
linear programming problem (MILP), in which the discrete variables are 
introduced in binary form to indicate which of the alternative processing 
units should be part of the optimal solution. 

The inputs given to the optimization model consist of the charac-
teristics of the case region in which the nutrient recycling is to be 
optimized (Fig. 2). This information is used to develop specifications for 
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the enriched fertilizer products the region requires. The model therefore 
attempts to produce fertilizers to match the given specifications. Fer-
tilizer production uses the characteristics of the processable material 
(digestate feed) and the information about the processing technologies 
as inputs (nutrient separation efficiency and costs). Digestate and pro-
cessed products can be seen as ingredients that can be mixed in different 
ratios to meet farmer’s demand. The produced fertilizer products are 
accepted based on the specifications. If these specifications are not met, 
the model upgrades the produced fertilizer product with mineral fer-
tilizers. Combining these mixing resources determines the optimal 
allocation for end users. For example, the end users can be separated 
according to the region’s different crop types, so that each crop species is 
considered one consumer. It would naturally be possible to increase the 

granularity and consider separate farms or even separate fields as con-
sumers. Different types of spreading machinery can also be used for each 
consumer with different specifications and limitations for the nutrition 
streams, which limits the allocations (Fig. 2). In practice, fertilization 
with new recycled fertilizer products is often restricted due to the 
availability of fertilization machinery within the region. For example, 
there would be no point in producing liquid fertilizers if the farmers 
were unable to use such products, and spreading machinery selection 
was therefore included. 

The total mass of the digestate needs to enter somewhere, either as a 
fertilizer product or a product with no specific feature (e.g., landscaping, 
disposal to waste water treatment plant, WWTP). The model therefore 
includes costs for these alternatives. These alternative uses for the 

Fig. 1. Digestate nutrient recycling and the evaluation boundaries of each system actor (biogas plant operator and nutrient receiver) in current practice (left) and the 
modelled system (right). Nitrogen (N), phosphorus (P), potassium (K), carbon (C). 

Fig. 2. The model superstructure including input data (white boxes) and calculations made within the model during optimization (green boxes) to achieve the 
digestate processing’s cost optimum. 
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digestate are accepted instead of nutrient recycling if they are cost 
competitive. 

The variables required in the model include: i) the binary variables 
denoting the process units selected from the superstructure; ii) the mass 
flow of each potential mixing ingredient from the processing equipment 
to each consumer’s spreading machine; iii) the mass flow from the 
commercial mineral fertilizers to the same spreading machines; iv) the 
amount of different streams that cannot be used in the optimal solution 
and must handled separately; v) and the field area covered by each 
consumer’s fertilization machine type. 

The model’s constraints include: i) the mass balances of both the 
supplier (digestate processer) and end user (crop field/farmer); ii) lim-
itations due to availability and demand; iii) the relations between the 
binary variables and the mass flow of mixing ingredients; iv) the con-
sumer’s TS, soluble nitrogen (Nsoluble) and total phosphorus (Ptot) quality 
requirements. The last of these is based on information about the 
available spreading equipment, the fertilization equipment’s maximum 
and minimum limits and limitations due to the consumer’s total areas. 

The model’s objective function is the total cost of treating the 
digestate, including: i) both opex and capex of digestate processing; ii) 
the costs of dealing with excess fractions not used as fertilizers; and iii) 
the cost of the commercial mineral fertilizers potentially needed to 
enrich some digestate fractions. Transportation costs are omitted in this 
study, because the separate fields are not considered consumers. They 
could be considered in a more detailed model. 

2.3. The case 

2.3.1. The case digestate and region 
The model was tested using a theoretical case of a typical Finnish co- 

digestion biogas plant, but switching the input data would allow 
different cases, e.g., different geographical locations, to be used. Finnish 
co-digestion plants often process municipal and industrial biowastes and 
WWTP sludge, but the case plant’s specific feedstocks and their ratios 
were not defined. To link the theoretical digester to full scale biogas 
plant operation practices, the digestate characteristics (Table 1) were 
assumed to be similar to those in previous studies with theoretical and 
experimental data (digesters treating municipal and industrial biowastes 
and sludges Tampio et al., 2017, 2016). The annual production of the 
digestate from the biogas plant was assumed to be 100,000 tonnes, the 
size of a large biogas plant in Finland. 

The optimization took place within a region covering both digestate 
production (biogas plant) and local fertilizer use. The case region was 
the Salo municipality in the southern Finland. Only grass and grain crops 
were selected for fertilization with the refined nutrients processed from 
the digestate because these are the main crops in Finland. The fertiliz-
able crop types and their cropping hectares (see Supplementary Material 
Table S1.1) were taken within a 20 km radius of a randomly selected 
point in the municipality. A regional solution is considered as a target to 
minimize the transportation need. 

It was assumed that crops were fertilized according to the maximum 
allowed fertilization of the Finnish agri-environmental support scheme 
(see Supplementary Material Table S1.1). In Finland, the crop-specific P 
fertilization amounts depend on soil fertility (including soil pH, nutrient 

and micronutrient content, and soil type), while Nsoluble fertilization 
depends on the soil type. The soil fertility is unique for each field parcel, 
and average soil fertilities in the municipality were used in this study. As 
the maximum fertilization used as input in the model was based on the 
support scheme’s maximum values, the minimum N fertilization was 
assumed to be 75%, and P fertilization 50% of the maximum. The P 
fertilization minimum was based on the knowledge that the actual crop 
P requirement would be remarkably lower than the maximum values, 
depending on soil fertility (Valkama et al., 2011). It should be noted that 
when describing the fertilization effect of digestate-based fertilizer 
products only the soluble nitrogen was accounted as organically bound 
nitrogen is not readily available to plants. In digestate-derived products 
soluble mainly consists of soluble ammonium nitrogen (NH4), while in 
mineral fertilizers Nsoluble consisted of soluble ammonium nitrate 
(NH4NO3). 

The model used the most common fertilization machinery, the TS 
range of which was included in the specification of the desired fertil-
izers. Three different fertilization machines were included: a slurry 
spreader, a dry manure spreader, and a lime spreader, which are all used 
for fertilizer of different origins and characteristics. The machinery 
specifications were based on manufacturers’ operation manuals and 
Finnish fertilization practices (Supplementary Material Table S1.2). 

2.3.2. Technologies for the processing of digestate nutrients 
Various digestate processing technology options were included to 

recover and enrich nutrients. Processes were based on their commercial 
availability but also the availability of processing data. One novel pro-
cess technology was included to highlight the potential to include 
different process technologies to the model. It was assumed that the 
processing’s first step was undertaken with a decanting centrifuge to 
divide the digestate into solid and liquid fractions (Fig. 3). It was 
assumed that liquid fractions could be further processed with ammonia 
stripping, struvite precipitation, membrane technologies (including 
reverse osmosis, RO), or the NPHarvest process (recently developed by 
Aalto University, Uzkurt Kaljunen et al., 2021). Solid fractions could be 
processed with composting or drying, followed by pelletizing/granula-
tion or pyrolysis. For struvite precipitation, it was assumed the P in the 
digestate was lower than usual because the digestate possibly contained 
sludge from WWTP. In Finnish WWTPs, phosphates are typically bound 
to iron or aluminum, which decreases the formation of struvite during 
sludge processing. 

Average values for the mass and nutrient partition and the economic 
data (opex and capex) were used for each technology. Opex values were 
collected from the literature as tonnes of material treated per year, while 
the yearly capex of the total investments estimated using the literature 
data was calculated using the annuity method with an interest rate of 3% 
and equipment lifetime of 15 years (see calculation and values in Sup-
plementary Material Table S1.3). 

The model optimizes the use of the processed nutrients by mixing 
and enriching them with mineral fertilizer products to match the crops’ 
Nsoluble or P needs. For example, the model included three mineral fer-
tilizers with different nutrient content and prices (N:P ratios 23:3; 25:0; 
25:2, Supplementary Material Table S1.2). Later, the amount and type of 
these supplementary mineral nutrients in the model can be updated 
according to the products’ availability. 

It was assumed, that the digestate and its processed fractions could 
be directed for WWTP or composting to another treatment plant outside 
the system’s boundaries for alternative treatment or disposal. For liquid 
streams, the WWTP cost greatly depends on the N-content of the treat-
able stream, varying from 2 to 30 €/t (Finnish WWTP, Makkonen 
(2015)); for solid streams, the composting costs can be around 20 €/t 
without transportation (see Supplementary Material Table S1.3). A 
treatment cost of 2 €/t was applied in this case for liquid streams (TS <
1%, Nsoluble < 0.2 g/kg), while a cost of 30 €/t was applied to other 
streams. 

Table 1 
Characteristics and mass of the theoretical digestate used in the case study. Total 
solids (TS), volatile solids (VS), total nitrogen (Ntot), soluble nitrogen (Nsoluble), 
total phosphorus (Ptot).  

Digestate Characteristics (g/kg) Mass (t/y) 

Mass – 100,000 
TS 70 7,000 
VS 28 2,800 
Ntot 7 700 
Nsoluble 4 400 
Ptot 1.5 150  
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3. Results 

3.1. The true cost optimum 

The proposed mathematical model was used to identify the region-
ally optimal digestate processing solutions among several alternatives. 
The optimal solution produced fertilizer products from the digestate 
through processing, while part of the digestate was left unprocessed 
(Table 2). The true cost optimum was found when 29,116 t of the initial 
100,000 t/y of the digestate were processed and directed to the case 
region’s fields. The unprocessed and processed digestate fractions 
directed to agriculture were further mixed to provide specified and 
enriched fertilizer products for each crop in the case region, treated as 
the end users in the model. The digestate fractions were used to fertilize 
2,911 ha of the fields in the case region. 

Separation with a centrifuge, struvite precipitation, and membrane 
treatment technologies were applied to achieve the optimal digestate 
processing chain. The part of digestate left untreated (4,150 t), the 
struvite (410 t) and retentate from the membrane treatment (22,700 t), 
as well as 13% of the solid fraction from the centrifuge (1,860 t), were 
used as fertilizer. Most of the solid fraction (12,520 t) was not used and 

was directed to alternative waste treatment. This fraction contained 
phosphorus, which was thus directed away from the case region’s 
nutrient recycling. In addition, all the dilute residue from the membrane 
treatment (58,370 t) was directed to the WWTP to avoid concentration 
and mineral fertilizer supplementation costs. The system’s optimal total 
cost was 1.28 M€/y, of which 15% comprised capital and 47% operating 
costs, while the alternative waste treatment cost was 39%. In this 
optimal scenario, no supplementary mineral fertilizers were added, and 
it was therefore possible to mix the digestate and processed products to 
suit customer’s fertilization requirements for crop fields. 

The use of fertilization equipment was not specified or restricted, so 
the model could select the most feasible equipment. This was naturally 
the slurry spreader, which enables the use of slurry-like products. This is 
often the most economical solution, as no further processing is needed. 
Restrictions to the availability of the fertilization equipment can thus be 
added to the model if these data are available from the case region. 

Subsequently, of all the digestate’s initial nutrients, 82% of Nsoluble 
and 25% of P were used to fertilize the case region (Fig. 4), which could 
be seen as the system’s nutrient circulation efficiency and further 
compared with regional nutrient recycling targets. The acquired values 
are probably related to the feasibility of producing dilute slurry-like 

Fig. 3. Processing technologies included in the mathematical model (dark green boxes) and the input and output flows that could be used as fertilizers in agriculture 
(light gray boxes). The dashed arrows represent dilute liquid flows which are often treated at the WWTP. Reverse osmosis (RO), ammonium nitrogen (NH4-N). 

Table 2 
The characteristics of the digestate fractions produced and used within the case according to the model’s optimal solution.  

Treatment technology Fraction Mass used in fertilization (t) Mass to alternative treatment (t) TS (%) Nsoluble (%) Ptot (%) 

No treatment Digestate 4,147 0.0 7  0.4  0.2 
Centrifugation Solid fraction 1,862 12,516 33  0.5  0.9 
Struvite precipitation Struvite 407 0.0 01  38.1  1.8 
Membrane treatment Retentate 22,699 0.0 9  0.6  0.0 

Residue 0 58,369 0  0.0  0.0  

1 Struvite was assumed to be in liquid form to enable mixing, because 0% of digestate TS was transferred to the product. The separation efficiencies can be further 
updated based on case-specific data. 
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products, which contain more N than P. A larger share of nutrients, 
especially phosphorus, would be used if more of the original digestate 
were used in fertilization (Fig. 4). However, this would lead to higher 
costs (Fig. 5). In the true optimal case, directing the centrifuged solid 
fraction to alternative treatment (Table 2) especially caused low P use 
efficiency. This could be affected by increasing the alternative treatment 
price or setting the recirculation efficiency as the model’s main criteria. 
The use of digestate nitrogen was probably more connected with the 
cost- effectiveness of processing in relation to the alternative treatment 
costs and the supplementary mineral fertilizer price. 

3.2. Optimized nutrient recycling with different digestate use goals 

In addition to the true cost optimum, the effect of different digestate 
mass criteria (from 0 to 100,000 t) was tested to identify the effect on 
total costs, as well as digestate processing chains and nutrient 

recirculation efficiencies. The model optimized the total costs with the 
given digestate mass as criteria to identify the cost optimum for each 
amount of digestate directed to case region’s fields (Fig. 5). If the 
digestate mass criterion was set to 0 t (no digestate used to fertilize the 
case region), the processing costs were minimized but incurred by the 
digestate’s alternative handling costs. Here, the model optimized the 
process technologies emphasizing the production of fractions that could 
fulfill cheaper alternative treatment requirements. The digestate treat-
ment consisted of a processing chain in which part of the digestate was i) 
left unprocessed, ii) centrifuged into solid and liquid digestates, and iii) 
the liquid fraction was evaporated with subsequent scrubbing of 
ammonia into ammonium sulfate. The process chain remained the same 
until the digestate mass criterion increased to more than 25,000 t. The 
true cost optimum was found when the criterion for digestate field use 
was set to between 25,000 and 30,000 t (Fig. 5). 

From the digestate mass criterion 30 000 t onwards, the system’s 

Fig. 4. Nutrient recirculation efficiency, i.e., the share of nutrients applied to the case fields in cost optimums for 0–100 kt of digestate directed to fields. The true 
cost optimum was 29,116 t. 

Fig. 5. The cost optimum for the set criteria of digestate amount used in fertilization (x-axis, from 0 to 100,000 t of digestate directed to use within the fields). The 
arrows represent the change of process technology chains. 
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total costs increased because it was not possible to cost-efficiently ach-
ieve mixtures fulfilling the products’ quality demands. Therefore, the 
products were enriched using mineral fertilizers to reach the defined 
crop’s nutrient need. The optimal processing chain changed to better fit 
the new situation, and consisted of i) no treatment, ii) centrifugation, iii) 
struvite precipitation, and iv) membrane treatment with RO. Increasing 
the digestate mass directed to the fields was not feasible, primarily due 
to the additional costs of the mineral fertilizer to enrich the fertilizer 
products. This cumulated in the criteria of 60,000 t onwards, with large 
mineral fertilizer consumption (Fig. 5). With these higher digestate mass 
criteria, the aim was to utilize most of the original digestate mass, even 
the dilute water fractions, by enriching them with solids and mineral 
nutrients. However, in a more feasible scenario, these fractions could be 
cheaply taken care of by the alternative waste treatment. 

The overall nutrient recycling efficiency increased with the 
increasing digestate mass criteria, and a steady increase was observed 
for phosphorous (Fig. 4). However, there was a notable decrease in the 
amount of nitrogen directed to agriculture when 60,000 to 90,000 t of 
digestate was used (from around 70% to 50%). The decrease was 
probably linked with the more feasible alternative treatment and use of 
mineral fertilizers. 

4. Discussion 

The optimization model was built for the nutrient recycling within a 
case region to assess whether regionally optimal digestate processing 
solutions could be identified with mathematical tools. As a result, the 
model allowed a comparison of different options and an identification of 
which digestate processing technologies and their combinations pro-
vided the most feasible result for the whole system. This study responds 
to the recently highlighted need for decision support tools (Monfet et al., 
2018; Vaneeckhaute, 2021) as well as the creation of synergies between 
farmers and organic nutrient producers (Barampouti et al., 2020). 

In the presented example, digestate processing selection was based 
only on feasibility, which is often the dominant aspect in the plant op-
erator’s decision making (Herbes et al., 2020; Rehl and Müller, 2011). 
However, the current nutrient recycling goals also make it important to 
assess whether nutrients can really be used within the region. In the 
presented case, only 25% of phosphorus ended up in the case region’s 
fields, because it was more feasible to use an alternative treatment for 
the P-containing solid fractions. The greater need for N than P fertil-
ization in the case region may have caused the model to prioritize the 
processing of nitrogen-rich fractions. It should also be noted that only a 
limited amount of processing technologies was included in the model, 
which may have affected nutrient recirculation efficiencies. 

The study’s second objective was to assess the effectiveness of the 
optimal solution in exploiting nutrient resources and returning them to 
agricultural land. In digestate processing’s cost optimum, nutrient 
recirculation efficiency indicated good efficiency for N (82%) but not for 
P (25%). There is thus a clear paradox in which the feasibility of 
digestate processing and nutrient recycling targets do not meet. Roth 
et al. (2021) have previously highlighted this discrepancy between 
climate protection goals and digestate processing. The paradox can be 
seen in this study’s case, with little or no processing capex but ideal 
environmental optimization based only on nutrients. However, invest-
ment would be too costly in practice. This indicates support mechanisms 
are needed to fill the investment gap and implement processing chains 
with increased nutrient recirculation potential. Support for digestate 
processing may also motivate the creation of a market for recycled fer-
tilizer products, because new fertilizer products will be available (Valve 
et al. 2021). 

In a case with minimal or no capex, total costs would be lower and 
different processing technologies and their new combinations would be 
selected as optimal that would otherwise be unnoticed. Furthermore, 
less digestate mass would be directed to the alternative treatment, 
because the low production costs would favor digestate processing. 

Similarly, a case trial could be carried out without mixing processed 
digestate streams or the addition of mineral fertilizer. However, these 
would also be sub-optimal solutions from the system’s perspective. 
Overall, the optimization model can be used to monetize the gap be-
tween existing practice and the system optimum. The optimization 
model can be used in various investment phases, because the informa-
tion becomes more accurate as the plant design proceeds. 

The model could be further developed in various directions. One 
option would be to extend the nutrient users to include not only agri-
culture but also greenhouse and garden use, for example. This could be 
accomplished by updating fertilizer and spreading machinery specifi-
cations. It has previously been suggested that gardening could present 
an opportunity to enlarge the market for digestate-based processed 
nutrients (Dahlin et al., 2015). Another direction might be to expand the 
scope from nutrient to carbon recycling and environmental impacts like 
the carbon footprint. There is a need to combine economic and envi-
ronmental assessments (Herbes et al., 2020) to provide a holistic view of 
various impacts of investment in biogas plant and digestate processing, 
for example. The model’s objectives could be modified to minimize total 
greenhouse gas emissions or other relevant issues. As the model is a 
MILP model, the calculation will give the global optimum for the stated 
problem. 

The recycling of nutrients from digestates increases not only nutri-
ents but also carbon in the agricultural soil. An increase of soil carbon 
content helps improve and maintain good soil quality and fertility 
through improved physical, chemical, and microbiological functions 
(Vaneeckhaute et al., 2014). After the anaerobic digestion process, most 
of the digestate carbon is more stable (Heikkinen et al., 2021), because 
the easily degradable carbon is transformed into biogas. The more stable 
forms of carbon in the soil can thus influence carbon sequestration 
(Breunig et al., 2019). The presented mathematical model includes data 
for the organic matter (as volatile solids) which can be used to estimate 
the amount of organic matter returned to the soil. This is a clear benefit 
compared to the conventional investment evaluation, which neither 
includes nor considers carbon sequestration potential. Digestate treat-
ment technologies such as pyrolysis are also available. They could be 
used to create stable carbon products and increase soil carbon storage 
capacity, but these technologies are rather costly. Such solutions will 
therefore not be selected as part of the cost optimum. If they are prof-
itable, the product’s market price should be included in the model. 
There is interest in carbon sequestration in voluntary carbon markets 
(Tamme and Beck, 2021), which could make these products and tech-
nologies even more desirable in future. 

4.1. Limitations of the proposed optimization approach 

The optimization of digestate processing has limitations related to 
the assumptions of the model’s parameters or the data’s availability and 
accuracy. It is crucial that biogas plant operators evaluate all costs and 
revenues incurred by the investment decision, which include both the 
costs of digestate processing options and product revenues, as well as 
costs of storage and transportation, for example (Herbes et al., 2020). In 
this study, the processed and enriched fertilizer product revenues were 
omitted from the model. This was because price estimation was difficult. 
In Finland, the market for such products is underdeveloped and the use 
of recycled fertilizer (as a commercial product) is still at its infancy since 
the mineral fertilizers dominate the market. The number of biogas plants 
is still quite low and the existing biogas plants seldom process digestate 
further. Including the revenue in the model might result in further 
processing to upgrade some fractions to more valuable products. 

Mainly to simplify the demonstration, storage issues were not 
included in this model. However, whether storage represents an addi-
tional cost depends greatly on the case. Biogas plant operators may have 
existing storage capacity, and farmers may be able to store products in 
their storage facilities. Highly enriched nutrients can be stored in 
existing facilities for mineral fertilizers. If new storage needs building, 
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its cost should be considered an additional investment cost. Analogi-
cally, the high moisture content of digestate makes transportation 
expensive. Reviews have shown that it is not economically feasible to 
transport digestate beyond a 16–32 km radius from the biogas plant 
(Peng and Pivato, 2019), which highlights the importance of concen-
trating and refining biomasses to allow the maximum system radius. In 
this study, transportation costs were omitted because the case region 
was only 20 km from the biogas plant. 

Once created, the model is easy to use and fit for various cases and 
regions applying new input data. Regardless of geographical location, 
the calculation is based on similar input data: i) the properties of the 
digestate, ii) the processing techniques and their nutrient separation 
efficiencies, and iii) the characteristics of the area, i.e., the fertilization 
levels and availability of fertilization machinery. The digestate will vary 
case by case and the availability for processing technologies may differ 
depending on the case region. Thus, the applicability of the model in 
different cases mostly depends on the availability of the data on which 
the product specification is based. There can also be bottlenecks related 
to data availability. A critical aspect is soil fertility data (e.g., by field 
parcels), which are not systematically collected or publicly available in 
Finland (Valve et al., 2022). Fertilization regimes (kgN/ha, kgP/ha) also 
depend on farmers’ practices. However, in this study’s case, the regimes 
were adopted from the national agri-environmental scheme. Gaining 
access to the region’s precise data requires farmers to be contacted. 
Another critical aspect concerns the exact performance data regarding 
processing technologies (nutrient separation efficiencies with different 
digestates and cost data), for example. The data greatly depend on the 
digestate characteristics. Plant operators and process manufacturers’ 
data should therefore be available to obtain accurate results. This 
challenge can be overcome by directly contacting equipment manufac-
turers. It is noteworthy that the same data are already used in existing 
investment calculations. 

The data inputs used as part of this case study presents were 
simplified, because the aim was to demonstrate how to exploit the po-
tential with sophisticated tools. The case result therefore cannot be 
applied universally. Some case-specific assumptions have also been 
made. For example, the model allowed mixing and enrichment with 
mineral fertilizers in all situations. In practice, there may be chemical or 
biological restrictions concerning the mixing of these products. For 
example, the mixing of ammonium nitrate (in the mineral fertilizer) 
with organic matter is not advised. In addition, the concentration of 
contaminants for example, pharmaceuticals or heavy metals during 
digestate processing was not assessed in this study. These compounds 
can affect the quality and market potential of fertilizer products. 

5. Conclusions 

Local resource use is crucial when considering the local supply se-
curity of fertilizers and the self-sufficiency of the whole food production 
system. The practice of sustainable nutrient (and carbon) recycling re-
quires the processing of biomasses into fertilizer products to be under-
stood as integral to system design. When designing recycling solutions 
for biogas plant digestates and producing marketable fertilizer products 
technologies’ cost-effectiveness and crops’ nutrient should be consid-
ered. The proposed mathematical optimization model assessed the 
economically optimal nutrient recycling solutions for a case region, 
considering the processing technologies and fertilization practices and 
enabling the production of enriched fertilizers to suit regional N and P 
needs. Although the applied optimization model identified the cost- 
optimal digestate processing scenario, the exploitation of the diges-
tate’s phosphorus in the case region was poor, highlighting the paradox 
between economic feasibility and sustainability and circularity goals. 
The proposed mathematical model can be implemented as an agile tool 
to handle vast amounts of technological and agronomic data to assist in 
biogas plant investment decisions. Mathematical modeling could chal-
lenge the current case-by-case manual design of investment projects. 
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