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Preface

This study was carried out and published as a part of the European
demonstration project SYSTEMIC funded by the H2020 programme (project
number 730400). The project SYSTEMIC focuse s at five large scale biogas
plants where innovative nutrient recovery processing techniques were
implemented and monitored. One of the tasks within the SYSTEMIC project

is to develop a business development package (BDP) to support

decision making for impl ementation of the innovative business
cases in Europe.
This public report presents a list of available full -scale proven and cost -

effective nutrient recovery and reuse technologies (NRR) for digestate and
related flows. It will provide information  to exist ing and future biogas plants
to explor e the possibilities and barriers  of implementing NRR  on digestate.

The selection is based on technologies implemented at the Demo Plants,
Outreach Locations and Associated Plants and AP, under the assumption that
they are cost -effective if they are implemented at full scale. To further prove
their cost -effectiveness, data from the OL and AP, business case evaluation
ofthe Demoplants  (WP2) and literature has been used to make an estimation

of the investment costs and operational costs.

Additionally, for each technique ranges of separation efficiencies and nutrient
recovery rates are given, further supporting the maturity of the technologies.
By combining different technologies, cascades (e.g. schemes, trains) can be
made to obtain complete processing of a input flow into several end products
and by -products.

From the technologies listed in this report (D 3.2), a final selection of 21
technology cascades was chosen, i.e. combinations of the above mentioned
technologies including separation, N stripping -scrubbing, P -stripping,
evaporation, drying and membrane filtration.

These cascades are operational at full -scale in SYSTEMIC biogas plants or
include a variation on  the pre -treatment of the digestate.

To further facilitate the expl oration of these NRR  cascades, the these were
implemented inthe  NUTRICAS Tool.

This is an online tool which can perform a cost -benefit analysis  and simulate
a mass balance for the 21 nutri ent recovery and reuse (NRR) cascades on



digestate. This will give the user a first insight towhich extenta more specific
and in depth assessment is worth to undertake.

The information compiled in this report will provide the background

information (valu  es) on which the calculation models of the NUTRICAS Tool
are founded.

More detailed information on the calculation models and assumptions used

inthe NUTRICAS Toolcan be f oDB/® dNUTRICAS Manual and Tool
Description 0 both are available at https://systemicproject.eu/business -
development -package/ from 1 st April 2021. *

We would like to acknowledge the plant owners and staff of Acqua & Sole,
AM-Power, BENAS -GNS, RIKA/Fridays, G rootZevert Vergisting  and contacted
technology providers whom delivered information and insights on the
technologies .

The authors

1 7o ensure the open access of the deliverables of theSYSTEMIC project, all public deliverables will be
available, even after the end of the project, via the library of Wageningen University and Research
(https://www.wur.nl/en/Library.htm) and also via digital platform Biorefine Cluster Europe
(https://www.bi orefine.eu/) and websites of some of the partners (https://www.vem -
mestverwerking.be/en/faq/3921/systemic)
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Summary

The information compiled in this report will be focussing on the recovery

rate or efficiency and c osts of current full scale proven nutrient recovery
and reuse (NRR) techniques.

Data was acquired from  scientific publications. Also existing biogas plants,
including Demo Plants, Outreach Locations and Associate Plants and
technology providers  were approa ched for acquiring this information.

Criteria were set up to select cost -effec tive NRR technologies and based on
these criteria the following technologies were were identified:
1  Liquid -solid separation techniques
Nitrogen (a mmonia ) stripping -scrubbing
Evap oration and condensation
Phosphorus stripping and  precipitation
Drying

== =4 =4 =

Additionally, for each technique common separation efficiency and nutrient
recovery rates and costs are given. However, itis important to note that
these can vary when the technology is used in a technology cascade (i.e.
pre -or post -treatme nt, combination with other technologies.

Based on the outcomes of this report, a final selection of 21 technology
cascades was chosen to be implemented in the NUTRICAS Tool.



1 Methodology

1.1 Targeted information

To select cost -effective NRR technologies for digestate , the following
parameters will influence the cost-effectiveness of producing the NRR end
products and their  characteristics, which in turn influence thei r

marketability

1 Investment costs and operational costs in relation to:
o treatment capacity
0 nutrient, dry matter and water recovery efficiency
o additives
0 energy requirements
0  storage requirements

1  Separation efficiencies and recovery rates costs in relation to:
o different types of digestate (e.i. feedstock mixtures)

Relevant parameters  for digestate are listed in Table 1-1

o treatment capacity

o Combination with other techniques (e.g. pre -treatment)
0 Operational conditions  (temperature, pH)

o Additives

The recovery rate is  defined as the fraction of the initial amount of mass,
dry matter, organic matter, nutrients or minerals (N, P, K) that is recovered
in the end product. It describes how efficient atechnology can separate ,
concentrate or recover  certain elements from the input

When a separatio n technology is used, the term fiseparation efficiency 0
(a.k.a. Separation Index, Sl) is used for recovery rate.
The following formula is used to calculate the recovery rate.

93
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This fraction is usually expressed as a percentage . E.g. 10% of the mass of
the initial digestate that is processed in a decanter centrifuge is found in the
solid fraction.

Ultimately , the specific combination of all  these parameters  will resultin a
different cost -effectiveness for each biogas plant. Therefore, information on
all these parameters will be targeted (Table 1-1).



Table 1-1 Parameters focussed on in data collection

Parameter
Density
Viscosity

pH

Dry matter

Organic dry matter

Total organic
carbon

Total N itrogen
(Ntotal)

1.2 Selection criteria and s

As a starting point for

Mineral nitrogen
(@mmonium -N +

nitrate -N +nitrite -N)
Ammonium N itrogen

(NH4-N)
Nitrite N (NO2™- N)

Nitrate N (NO3™- N)

Organic nitrogen

Kjeldahl -Nitrogen
(org anic N+
ammonium -N +
nitrate -N)

C:N ratio

1. Isthe technology contributing to

l.e. during the processing, no nutrients are
-denitrification)
conce ntrat ed in one of the end products
higher than the initial digestate

(e.g. nitrification

2. Innovation adapt
scale (TRL 7

Under the assumption that they are cost

ion : Is the

selecting technologies,

. The nutrients
in a way that their concentration is
or more in line with certain crop demand

Total P hosphorus

Total P 20s
Organic phosphorus
C:P ratio

Total potassium
(K20)

Mg

Ca

ources

nutrient recovery?

(deliberately ) emitted to the air
are separat ed and

-8) by at least one biogas plant in Europe

-effective if they are implemented at

Na

S

Sulphates
Electrical
conductivity

Cl

2 criteria were set up:

NRR technology running on full

full scale (Criterium 2), technologies complying to both these criteria were

first found at the

against the criteria and
publications were

In the next step, to be able to evaluate the

technology , supporting data (1.1 Targeted information

5 Demo Plants.

Next, other technologies implemented at
the Outreach Locations (OL) and Associated Plants (AP) were benchmarked
included when complying. Thirdly,
searched for other complying technologie

S.

cost - effectiveness
) was gathered.

In the case of the Demo Plant technologies, this data came from the

monitoring campaigns

done in SYSTEMIC and the construction of their

scientific



mass -and energy balances (WP1). Economic data came from the business

case evaluation (WP2).  Data from the OL and AP and other biogas plants

was gained from direct communication or a widespread questionnaire , which
will stay open until the end of the projec t (WP3).

Scientific publications, other project reports, consortium knowledge and

technology providers were consulted to build up the supporting data.

Al'l data was centralized in the ASYSTEMIC dat a
was a living file in  which continuously data was added and will be during the

project. It will be a part of the Business Development Package , available on
https://systemicproject.eu/business -development -package/ .

1.3 Structure of the database

To store and categorize the data on ea chtechnology, adatabase ( fit he
SYSTEMI C datwashdesgredin Microsoft Excel® and puton the
OneDrive for SYSTEMIC Consortium members

Each record in the database gives information on a specific feedstock (mix),
digestate or end product and contains values (e.g. analyses values, average
values, median, 10 percentiles, etc. ) for the recoveryrate and/or the
parameters described in ~ Table 1-1.

If the record is an end product of a NRR technology (cascade), it also
contains the technology (cascade ) that is required to generate this specific
end product.

An example is show n in Figure 1-1.

End product ~ after * of (Typec T source * Referenc © unitNHa-N - P~ unitP v mass(%) DM (%)
digestate digestate  pigslurry OBW Maller, H. B, Somm g N/L-kg N/m* 0,89 g P/L-kg P/m’

liquid fraction  separation-centrifuge  digestate  pig slurry OBW  Magller, H. B., Somm 021 g P/L- kg P/m*

solid fraction  separation-centrifuge  digestate  pigslurry OBW Maller, H. B, Somm 59 g P/L- kg P/m* 13,72 &9

Figure 1-1 3 records in the SYSTEMIC database.

The figure shows 3 records (digestate, liquid fraction and solid fraction after
separation with a centrifuge ). For each product the feedstock of the
digestate i s st andthecoripdsitionulm thiefigure only P
content is visible.  The recovery efficiency for mass and dr y matter to the
solid fraction of this separation technology on this digestate is also included
(fimass (%) 0 and ADM (%) 0)

The records in the database are not all taken or analysed according to the
same method and can be presented as single value, average , median,



minimum, maximum of multiple samples taken in different periods . This
report will present the recovery rates as averages , however one cannot
interpret these values as being absolute. They merely indicat e a range in
which the recovery rate of ace rtain technology = might be found under
certain conditions.

1.4 Collected data points

This report will show data based on the status of the database a fter 43
months from the beginning of the project (June 2017  -December 2020 ).
Table 1-2 gives the number of records added in this period

The database will be updated further during the remaining time of the

project. These, extra data can be used for optimizing the NUTRICAS Tool.

Table 1-2 Number of records in the database on composition of digestate
and end products or recovery rates (June 2017 - December 2020 )

Type of records Number of records

Scientific literature 686

Other data (analyses , reports with 744

analyses , other databases etc.)

Demo Plant s 169

Outreach Location s and Associated Plants 111

Other biogas plants 48

Total records full scale plant data 1758

1.5 Determining cost -efficiency of a
technology

When a biogas plant operator consider s investing in digestate processing ,
he needs to weigh investment options in their full business context.

Meaning, completely assess the cost of the investment, by compar ing
operational scenarios with processing against those without , including the
impact of all costs and revenues on the overall profitability of a venture over

a given forecast period (Herbes et al. 2020)

However, mapp ing the full business context is -case specific and would
include site -specific circumstances like the regional market environment for
feedstock , availability of energy and heat from a CHP , energy prices,



technology supplier availability and cost for storag e, transport and

application.
These framework conditions doné6t fall wunder t}
aims to give an overview of cost - effective technologies for digestate

treatment as such.  The advice is given to biogas plant owners to estimate
future cash flows against investment outlays. And that the unit costs
provided in this report can at best be only part of a profitability analysis
(Adapted from (Herbes et al. 2020) ).

In general, there are very many reports and tools summarising digestate

treatment systems. They tend not to include costs, because these are often
confidential, depend hugely on local situation and installation . Some contain
cost estimate s, more or less realistic, depending on whether they are based

on models, technology supplier claims or real farm data . This information
was included in the SYSTEMIC database. However, these estimations are
rapidly outdated and therefore it could be debated to what extent they are
useful when not adapted to a specific local or installation context

To the extent that reliable data is present, t his report will therefore attempt
to make per technology a range for each recovery rate (Table 1-1), the
investment costs and operational costs depending on the type of digestate,
configuration, treating capacity , additives, etc.  (Figure 1-2) Important
influences of other parameters will be nuanced for each technology

Figure 1-2 External conditions (green), internal conditions (blue). Conditions
that will be attempted to be included in this report (yellow)Adapted from
(Herbes et al. 2020)



The capital  expenditures (CAPEX) are the investment costs for a NRR
technology (cascade).  Depreciation time and method, and interest rate will

not be included in this report . Because, for the demo plants depreciation
time and method was calculated for their complete process including the

whole NRR cascade, and not per technology step. Details on this can be
found in Deliverable 2.2 and 2.4 (Hermann and Hermann 2020b, 2020a)

The operational expenditures (OPEX) in this report  aims to include only
the pure processing cost, without cost of storage, transport and distribution

of digestate - based products

This means all costs for keeping the NRR technology (cascade) running

equipment maintenance costs, costs of chemicals and additives and labour
costs .

For most of the technol  ogies, the level of automatization has an impact on

CAPEX or OPEX. In general, there are two options. The first is a higher level
of automation where you wondét need an operator
time. With  this type of automation, you can eliminate much of the human
error associated with running the plant, and although this option has a
higher CAPEX (an initial investment in more sophisticated PLC controls and
instrumentation), the ongoing labo ur costs (OPEX) are less. The second
option is a lower le  vel of automation with less capital cost, but with added

labor, this can end up costing you more in the long run. When deciding
whether or not to invest in more costly controls, you need to consider what

works for your company and staffing availabilities.



2 Results

2.1 Feedstock types and digestate
composition

Because the composition of the digestate depends largely on the  feedstock

mixture of the digester, different 6typesd of dig
The composition of the digestate and end products is needed to be able to

calculate the recovery rate of a certain technology and therefore . This

information was also included in the database (Figure 1-1) and will also be

valuable for the  setting up the calculation models of the NUTRICAS Tool.

Additionally, other characteristics of the digestate (fibres, vi scosity) can also
have a large influence on the recovery rate and operational costs of a

technology. Such relations will be discussed in the chapters on technologies,

when enough reliable data or scientific evidence is available.

2.2 Selected technologies

Based on the criteria, the following NRR technologies were selected for
this report :
1 Liquid -solid separation techniques
o Decanter centrifuge
0  Screw press
0 Belt press
1  Nitrogen (ammonia) stripping -scrubbing
o pH elevation with CO 2 stripping or with  caustic
0 scrubbing w ith acid or gypsum
1  Evaporation and condensation
o Vacuum, atmospheric pressure
0 Single phase, multiphase
o Falling film, forced circulation
o Addition of acid or not
9 Phosphorus stripping and precipitation
0 RePeat, BioEcoSIM, NutriSep , Struvite precipitation

10



1 Drying

Belt dryer

Fluidized bed dryer

o0 Rotating disk dryer

0 Bio-thermal drying  (composting)

(]

For each technology  several configurations or subtypes are possible . The
configurations  described in this report, were chosen because they were

applied at one of the demo plants, Outreach Locations or they appeared

frequently in the database.

In the next chapters, each technology is described and a range is made of

common separation efficiencies or r ecovery rates and costs.

However, each technology (and configuration) can be used in different
combinations  with other technologies (i.e. cascades) . This will also influence
the efficiency and costs. Based on information from this report, several
cascades will be selected to be included in the NUTRICAS Tool.

2.2.1  Liquid -solids separation

In general, separation of digestate produces a solid fraction with a higher

organic matter and P content and a liquid fraction with a higher mineral N

and K content.

Separation without any further treatment is usually done in nutrient surplus
areas to reduce the volume of the digestate and/or to concentrate
phosphorus in this smaller vo lume, the solid fraction.

The liquid fraction can be locally used as fertil iser, avoid ing transport costs.
The solid fraction has a much smaller volume compared t o the initial
digestate, and can be transported more economically on long distances

where there is a need for nutrient rich products (Smit, Prin s, and Hoop
2000) . Another advantage is that the solid fraction can be stored under

much simpler conditions. As an alternative to direct land application further
stabilisation and transformation into a marketable product can be achieved

through drying o r composting ( Chapter 2.2.6 and 2.2.7).

When recovering  nutrients, organic m  atter or water from digestate ,
separation is frequently the first step in the treatment cascade . This is
because it prov ides a first bulk separation of liquid and solid s, making them
easier to process further.

11



The separation efficiency is determined by the extent to which phosphate or

the dry matter is retained in the solid fraction and varies by type of

separator . Examples from the SYSTEMIC database are: decanter ¢ entrifuge,
Screw press, belt press, Dissolved air flotation, metal edge sepa rator,
vacuum filter press , chamber filter press, rotary sieve , sieve drum, vibration
screens, etc.

Examples implemented at biogas plants
1  adecanter centrifuge to separate the digestate in liquid fraction and
a solid fraction  as a first step in a NRR cascade.( AM-Power ,

Waterleau New Energy, Groot Zevert Vergisting , several Outreach
Locations)
1 ascrew press to separate organic soil improver from P -rich liquid

fraction (RePeat system from WUR at Groot Zevert Vergisting , The
Netherlands , Figure 2-25)

1  afilter press to separate ammonium sulphate solution from calcium
carbonate (FiberPlus® system from GNS at Be nas Biogas Plant,
Germany , Figure 1-7)

Based on the criteria and amount of records available in the SYSTEMIC
database, the centrifuge, screw press, belt press and DAF were selected  to
be described in this report.

The feedstock and  operational conditions (pH, retention time  and

temperature) in the digester influence the digestate composition, itods
texture and viscosity . These characteristics of the digestate  will
influence the separation efficiency for dry matter and nutrients and

therefore the final concentration of the solid and liquid fraction. This

relation of different types of digestate (i.e. digestate characteristics)

with the separation effic  iency was not investigated further, due to lack
of data on the feedstock composition in combination with separation
efficiency.

12



Use of additives

Addition of coagulation and/or flocculation agents can increase particle sizes
of the suspended solids which form settleable and floating floccules that can
be removed more efficiently during the mechanical separation process.

Raw digestate contains high amounts of colloid and fine particles, which

have a negative charge and are stable in water: they repel each other and
they dondét sink or f 1 o@ievers Jenrterhaedd Hannawn accor d
1994) . The addition of a coagulant (multivalent cations) will reduce the
repellence between the colloidal particles , by neutralizing the charge that
prevents aggregation. This makes it possible to gather all the sus pended
material together. The resulting floccules are small and can only grow when

calmly stirred, which will allow particles to further cluster together.

A large number of coagulants are commercially available. A few examples of
coagulants include  multiv alent cations like iron chloride (Fe(lll)CI  3),
polyaluminium chloride, iron chloride sulphate, polyamides and polytannines

or low -molecular polymers  (VITO 2010)

Additions of multivalent cations will enhance the precipitation of P due to
formation of, for example , FePOg4, Fes(PO4)2(OH) ¢ and Caz(PO4) 2.

An optimum dose exists, and overdosing occurs when the adsorbed ions

reverse the surface charge, thus counteracting aggregation (Gregory 1989)
However, using these coagulants adds the iron or aluminium ions to the
separated solid phase, and the liquid fraction becomes loaded with high

concentr ations of sulphates or chlorides, depending on the type of used
coagulant. This could make the further use of separated digestate phases

difficult or impossible (Heviankova et al. 2015)

The addition of f locculants or flaking products can be added to aid and

speed up this flocculation process (VITO 2010)

Flocculants are mostly polyelectrolyte polymers with a base that is formed
by acrylic amide and its derivatives containing anion or cation groups of

varying molecular weights, charge densities and molecule shapes (VITO
2010) . Itis important that the charge density is selected a ccording to the
nature of the digestate. Selecting the appropriate charge (and molecular

weight) is necessary  to obtain a higher separation efficiency.

Polymers can be found as emulsions or as powders that need to by diluted

in water to form a polymer solu tion. Emulsion polymers are liquid polymers
containing mineral oil. Powder polymers are frequently ester -type
polyacrylamides and are not bio -accumulative. However, high cationic
powder polymer is not readily biodegradable, it does degrade abiotic by

means of hydrolysis (T 12 =3.2 days) (VLM 2018) .

13



Also, the legislation differs in member states on which types of polymers  are
allowed for the safe use of the end products as fertilisers or soil improvers.

For example, some members  tates allow polymers that are not petrogenic

(For example, Flanders -Belgium) . Powder polymers are often not

petrogenic . Other examples are  Finland, where all kind of polymers are

all owed even in fiorganic cemBwellenedd nutrient
polyacrylamide polymers ar e prcerttiiediodtiened i n AKr e
products.

In general , for the safe use of solid fraction as fertiliser in agriculture,

flocculants are preferred that are biodegradable. However, polyacrylamides

are commonly used flocculants, they are very difficult to biodegrade.

Add itionally, the relatively high price ( 3-350/kg) makes it desirabl
the flocculating agent to be dosed as low as possible.

The price of powder polymers is mainly determined by the charge density,
this is the percentage of the monomers with a charged group (5 -80%). The
charge density might be proportional to the price of the polymer.

In addition, branched polymers also exist and are usually slightly more
expensive - even a very high molecular weight (chain length) can

sometimes increase the price (pers onal communication, 2021).

A rare and expensive euptoedp.t5 b/nk d)<3wibtiHikrg t he p
polymers are those made by spray drying a branched emulsion polymer.

These are very hygroscopic products and usually have to be added in high
amounts (pers onal communication, 2021).

Also, one hasto keepinmind the potentially negative impact on sales due
to reduced availability of P 20s in the solid fraction.

In practice, cationic polymer flocculating agents are often used to improve

the separation of dige  state, usually without inorganic auxiliary agents or
coagulants, such as salts of iron or aluminium or lime (Heviankové et al.
2015, experience of SYSTEMIC biogas plants, 2020).

A higher level of optimisation (e.g. a higher P or dry matter ~ separation
efficiency) is not automatically obtained by adding a higher concentration of
polymer. Also, the shear applied (for example, stirring velocity and time)

are important factors here (Hjorth et al. 2010)

Therefore, often consultants are relied upon to help choos ing the type of
polymer (water - or oil based, powder polymer) and determine the
concentration that should b e added to the digestate (VCM 2018b) . This is
done on small scale via laboratory assessment (so called jar -tests) and
confirmed and fine -tuned in full scale  testing and operation.

14



2211 Centrifuge
22111 Technology description

A decanter centrifuge consists of
aclosed cylinder that rotates.
Due to centrifugal forces, the

heavy, undissolved particles like
colloids, organic components

and salts are propelled to the
outside of the spinning

centrifugal bowl , where they are
collected on the screw conveyor.
The liquid phase is transp orted

to the other end of the Figure 2-1 Horizontal decanter centrifuge

centrifuge by rotating the entire Source: (Gorissen and Snauwaert 2018)
centrifuge at high speed and by

simultaneously rotating the conveyor at a speed that differs slightly from
the speed of the bowl
The solid particles and the liquid fraction are collected at separate outlet s.

Centrifugal bowl Screw conveyor

Digestate

)

Liquid fraction
discharge

Solid fraction ]
discharge ‘

Figure 2-2 Scheme of a decanter centrifuge , source: adapted from
(Hjorthetal. 20 10)

Centrifuges are available in d ifferent capacities. The smallest centrifuges
cantreataround 1 mdh butan average centrifuge for digestate treatment
is between 8 -30 mdh. To obtain larger capacities, larger centrifuges are
available (up to 90m?/h) or multiple centrifuges can be put in parallel

(Lemmens et al. 2020)
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22112 Separa tion efficiency

Table 2-1 and Table 2-2 give some examples of digestates from the demo
plants with the respective separation efficiency for mass, dry matter and
nutrients to the solid fraction. The separation efficiency to the solid fraction
(SF) % is complementary to the separation efficiency to the liquid fraction
(LF) (SE s,=100% -SE.F).

Table 2-4 gives compares the data of the SYSTEMIC plants with the
averages found in the SYSTEMIC database.

Centrifuges have a more selective separation of (particulate) organic
compounds compared to inorganic soluble compounds like dissolved salts,
hereby the SE  om>SE owm (T Gienau et al. 2018b) . Also, approximately 50%

of TP is related to smaller particles, between 0.45 and 10 um (Masse et al.
2005) , which could aggregate during centrifugation. Other susp ended P
compounds include inorganic P -salts make up the other 20 -30% of

suspended phosphorus  (Mgller, Sommer, and Ahring 2002) . Because of this,

the largest part of the organic material and phosphate accumulate in the
solid fraction and nitrogen and potassium mostly in the liquid fraction.
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Table 2-1 Analyses on digestate and related centrifuge separation efficiency to the solid fraction of different parameters

from monitoring campaigns during the SYSTEMIC project at Groot Zevert Vergisting.

DMsus = suspended dry matter, DMsol = soluble dry matter, OM = organic matter, Total N = total nitrogen, NH4 -N = ammonium nitrogen, Org
N= organic nitrogen, Total P = total phosphorus, Inorg -P=inorganic phosphorus, Org -P= organic phosphorus, Total K = total potassium,
DC=decanter centrifuge , SE= separation efficie ncy, SF=solid fraction, LF= liquid fraction, PM= powder polymer

B SE to 2 SE to 3 SE DC1 * SEDC1 * SE DC2 to
Digestate SF % Digestate SF % Digestate to SF% Digestate to SF% LF SF %
No additives MgCI2 (3 2%) MgCI2 (3 2%) Polymer solution
Mass Ton day “* 10 1000 14 326 16 210 13 183 14
Water gkg 't 941.4 7
DMsus gkg ! 36.7 70 85 53 76.0 56 85.0 55 54
DMsol gkg* 21.9 7
oM gkg ! 19.3 70 60.3 52.0 59 61.0 52 48
Total N gkg? 6.6 15 7.7 6.9 30 6.9 77 72
NH4-N gkg ! 5.5 7 4.3 4.6 25 3.9 82 87
Org-N gkg* 1.1 50
Total P gkg ! 1.0 70 1.86 1.7 73 1.7 35 34
Inorg -P gkg -t 0.9 70
Org-P gkg 't 0.09 70
Total K gkg?t 4.8 7 4.5 4.2 19 4.2 87 87
1 GzV 115kt feedstock per year: 64% pig slurry, 4%cattle slurry, 10.5% slaughterhouse manure, 18% Co -product diary industry,2.6% glycerine
(Brienza et al. 2018) calculated and estimated figures by Nijhuis Industries , no chemicals added

2 GZV 11 2kt feedstock peryear: 6 7% pigslurry, 4 .5%cattle slurry, 9% slaughterhouse manure, 16 % Co -product diary industry, 3.5 % glycerine
(Regelink et al. 2019) UCD 205 trailer decanter centrifuge ( GEA Engineering ), capacity 1 -3 m3/h; DM capacity of 50 -100 kg/h). Three tests were
performed with feed rates of 2, 1 and 0.5 m 3/h.

3 GZV 11 2kt feedstock peryear:6 7% pig slurry, 4 .5%cattle slurry, 9% slaughterhouse manure, 16 % Co -product diary industry, 3.5 % glycerine
(Brienza et al. 2019) April 24th and May 7th 2019 average of samples tak en (n=2) With MgCl ;> addition 1.75L/m?3 digestate

4 GZV 11 2kt per year: 6 7% pig slurry, 4 .5 %cattle slurry, 9% slaughterhouse manure, 16 % Co -product diary industry, 3.5 % glycerine

(Brienza et al. 2020) (TO7 i T10):22 -10-2019 i 29-1-2020; average of samples taken

2 decanter centrifuges in series: With MgCl » addition 7-9L/m3digestate in D1 and (60 -80L PM solution/m3 liquid fraction) 0.2 -0.27kg PM/m? liquid
fractio n in D C2



Table 2-2 Analyses on input of the centrifuge and related centrifuge separation efficiency to the solid fraction of different

parameters from monitoring campaigns during the SYSTEMIC project at AM-Power .
DM = dry matter, OM = organic matter, Total N = total nitrogen, NH4 -N = ammonium nitrogen, Total P = total phosphorus, Total K = total
potassium , LF = liquid fraction, SF = solid fraction , SE = separation efficiency
! Digestate SEto SF 2 mixture SE to 3 SEto SF 4 Digestate SEto SF
+ LF (6:4) % storage SF % Digestate % %
81
Polymer solution Polymer solution and Polymer solution Polymer solution
and FeSO4 FeSO4
Mass Ton day “* 8.8 102 9.5 270 22
DM gkg 't 70 43 68 +12 38 82+2.4 73
oM gkg? 35 19 49+2.9 78
Total N gkg 't 4.8 4.1 29 5.5+0.08 17 5.0+0.2 50
NHs-N gkg? 2.6 0.28
Total P gkg? 2.3 0.7 87 1.3 40 1.2+0.1 94
Total K gkg 't 25 2.7 10.3 3.5 9.1 3.5+0.3 32

1 AM-Power 167kt feedstock/year: 13% pig manure, 72% food and food industry waste, 3% glycerine and fats, 0.1% corn, 13% other organic

waste . (Brienza et al. 2018) March 2017 (n=1). Addition of polym er ( 3.5% solution 100L/m3 ) and FeSO4 (40% 225L/24m3)

2 AM-Power :137.6kt feedstock /year: 9% pig manure, 81% food and food industry waste, 8% glycerine and fats, 0.1% corn, 2% other organic
waste . (Brienza et al. 2019) average of samples taken in September -October 2018 (n=2).
Mixture storage 81  (0.35 % solution 100L/m?3 ) and FeSO4 (40% 225L/24m3)

3 AM-Power :161.3kt feedstock  /year: 10% pig manure, 80% food and food industry waste, 6% glycerine and fats, 0.1% corn, 4% other organic
waste . (Brienza et al. 2020) average of samples taken in the period February 2020 (n=2; when standard deviation isincluded n=4).  Polymer

addition : 32L (0.5%polymer solution) /ton digestate

4 AM-Power :161.3kt feedstock /year: 10% pig manure, 80% food and food industry waste, 6% glycerine and fats, 0.1% corn, 4% other organi
waste

average of samples taken in the period (October 2020 - January 2021) (n= 3) Polymer addition:  26-50L (0.5%polymer solution) /ton digestate



Table 2-3 Analyses on input of the centrifuge and estimations of the cen trifuge separation efficiency to the solid fraction
of different parameters from SYSTEMIC Outreach Locations.
DM = dry matter, OM = organic matter, Total N = total nitrogen, NH4 -N = ammonium nitrogen, Total P = total phosphorus, Total K = total

potassium , LF = liquid fraction, SF = solid fraction, DC= decanter centrifuge

t Separation 2 Separation 3 Separation

Sanitized efficiency SF % Digestate efficiency SF % digestate efficiency SF %

digestate

With polymer With polymer With polymer
Mass Ton day “* 11 12 30 21
DM gkg 't 52+2.2 59 117 63 80 86
oM gkg? 3345.6 65
Total N gkg 't 3.2#1.7 34 7.32 10-20 6 45
NH4-N gkg*
Total P gkg? 0.99 +0.25 79 24 40 1.7 87
Total K gkg ! 3.7+0.74 13 5.7 5-10 1.7 14
1 Waterleau New Energy: 38 % manure and solid fraction of manure, 18% sewage sludge, 42% agricultural waste

2 centrifuges in parallel. DC1: 4 m3digestate/h and DC2: 7 m? digestate/h.
Average: 11 m? digestate /h.
average of samples taken in the period June -December 2020 (n= 5)

Powder polymer + 1200 -1300L water/h (0.3% solution)

2 Biogas Bree 66  kt /year: 43% agricultural residues, 56% bio -waste, food industry/supermarket waste. 1 sample from 2018. Estimations of
recovery rate based on operator knowledge. No ¢ losed mass balance was used. Polymer consumption not known.
3 Emeraude bioenergy: 156kt feedstock /year : 24% pig slurry, 41% slaughterhouse waste, 34% recycled water. Estimations of recovery rate based

on operator knowledge. No closed mass balance was used. 8g polymer added per kg DM of the input of the centrifuge.



Table 2-4 Summary of separation efficiencies of centrifuges to the solid fraction of different parameters from Table 2-1,
Table 2-2, Table 2-3 and the SYSTEMIC database.

DM = dry matter, OM = organic matter, Total N = total nitrogen, NH4 -N = ammonium nitrogen, Total P = total phosphorus, Total K = total

potassium , SF = solid fraction, GZV = Groot Zevert Vergisting , DC= decanter centrifuge
Separation efficiency to SF% Mass DM oM Total N NH4-N Total P Total K
1czv ) 11 46 70 15 7 70 7
5 without polymer

Database 14+8 59+17 81+11 31+21 17412 76+ 18 28+12

3 SYSTEMIC plants 9.5-30 38-86 10-45 40-87 5-14
2 Database with polymer 21+12 76+ 19 85+7 34+ 12 24+5 82+ 14 40+ 12
4 Gzv DC2 14 54 48 72 87 34 87
(after DC1)
5 Database 9+9 74+ 10 40+ 12 15+ 4 93+ 3 16+7
Centrifuge With polymer
(after screw press) Without polymer
6 Database No data 10+ 2 51+13 40+ 7 27+13 12+ 4 58+ 22 14+7

1 Summary of the data in Table 2-1

2 SYSTEMIC d atabase (December 2020) :fiteredon Type of digesmteto: i end p fisolidfiaction 0, af t er : fi s e-peatrifeigé i, ohamical:
ino pol.yAmeeagedSE +Stdev.P; mass(n= 15),DM (n= 13), OM (n= 6), Total N (n= 13),NH4 -N(n= 6), Total P(n= 14), Total K (n= 6)

3 Summary of the data in Table 2-2, Table 2-3;minimum -maximum

SYSTEMIC d atabase (December 2020) :fiteredon Ty pe of digesmteto:;, i end p fisoldfsaction o, af t er : i s e-peatrifégé i, chamical:
fip o | y meAvetage SE +Stdev.P; mass(n= 15),DM (n= 12),0OM (n= 9), Total N (n=7),NH4 -N(n= 4), Total P(n= 7), TotalK (n= 2)

4Table 2-1, GZV: 2 decanter centr  ifuges in series, separator efficiency DC2

5 SYSTEMIC d atabase (December 2020) :filteredon Ty pe of digesqatetdo: i end p fisolid fiaction o, af t er : fi s e-pceew préss 4o n
separation -c e nt r i, fAverpgeSE +Stdev.P; mass(n= 7),DM (n= 2), Total N (n= 2),NH4 -N(n= 2), Total P(n= 2), Total K (n= 2)

6 SYSTEMIC d atabase (December 2020) :fiteredon Ty pe of digesmteto: i end p fisolid fuaction 0, af t er : A s e-peatrifege i, chamical:
empty(i.e. no data available on additive use).  Average SE +Stdev.P; mass(n= 8),DM (n= 9),OM (n= 4), Total N (n= 10),NH4 -N(n= 4), Total

P(n=9), Total K (n= 5)

20



The use of additives , such as coagulants (e.g. FeCl s, Fe2(SO4)s, etc.) or
flocculants, is frequently done in practice to improve separation efficiency of

digestate in a centrifuge. Table 2-4 shows higher SE for dry matter and
phosphorus when polymers are added. A relation with the amount of
coagulants and flocculants was found in (Cocolo 2012) . Here, a test was
performed with digestate from the co -digestion of pig, cattle and poultry
manure with biomasses (corn and triticale silages) from a collective
treatment plant. The flocculating agent was a linear cationic polymer (0.7%
concentration), with a charge density of 40% and a medium -high molecular
weight (Hidrofloc CL1704, Hidrodepur, Italy). Applying different amounts of
polymer gave the fol  lowing results in the separation efficiency ( Figure 2-3).
12,2 67
SC-E (=]
042 L] 66 %
E g ? i
s 84 2
c [}
:g 1186 ® 63 o
© 11,4 [ ] 62 2
S 61 2
= 11,2 m
m i
5 0 8
§ 1 . 59 &
10,8 58
0 0,2 0,4 0,6 0,8 1 1,2 1.4

Polymer flow (m3/h)

AD- Mass% @AD-DM%

Figure 2-3 Separation efficiencies for mass and dry matter for digestate in a

centrifuge, with different amounts of polymer added. Adapted from (Cocolo

2012)

The separation efficiency increased at increasing amounts of added
polymer till a maximum value .

Combination with other techniques (e.g. pre -treatment) was only seen
in 17 records in the database and included 2 centrifuges in series ( Table
2-1: %) and combination of a screw press and centrifuge ( Table 2-4: 5).

In Table 2-4,t hese separation efficiencies can be compared with single step
centrifuge separation . However, this cannot be accounted for as reliable
conclusions due to the low amount of data.

Only one publication was found on the effect of pre -treatment on polymer
consumption and separation efficiency. A test performed by (Cocolo 2012)
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showed the variation in separation efficiency of liquid fraction of digestate

after a screw press, separated in a centrifuge, while the amount of polymer
was varied ( Figure 2-4). The same addition of polymer resulted in lower
separation efficiencies compared to raw digestate. This is due to the higher
amount of coarse particles contained in the raw digestate, which will be
easier separated centrifugation. Therefore the polymer dosage required for
the separation of  liquid fraction is higher for reaching the same separation
efficiency (Cocolo 2012)
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Figure 2-4 Separation efficiencies for mass and dry matter for liquid fraction of
digestate, separated in a centrifuge, with different amounts of polymer added.
Adapted from (Cocolo 2012)

Composition of the end produ cts

According to the SYSTEMIC database, a solid fraction  of digestate after a
centrifuge has and average DM percentage of 27%14% (n= 80). DM% of 25 -

30% is stackable and transportable, without creating dust (Bamelis 2016)
More details on products can be found in the SYSTEMIC product fact sheets.

Treatment capacity

The relation of the  treating capacity of the centrifuge with the SE was not
investigated further, due to lack of data. But it is assumed that centrifuges
(large or small) have equal performance.
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2.21.13 Energy requirements
The decanter centrifuge of G root Zevert Vergisting is estimated to consume
1.2 kWh/m3 of digestate that is treated (Brienza et al. 2018)

In (Brienza et al. 2019) an average electricity consumption of 0.23 kWh/m?3
of digestate is calculated for separation of the digestate in 2 centrifuges in
series. This is calculated based on an in going amount of digestate of 70000

m3/year and a  reported electricity consumption of 300 MWh /year for the
centrifuges .
The centrifuge of AM-Power had an electrical power capacity of 80 -120 kWe

(Brienza et al. 2019)

Other values are found in the database, describing centrifuges with treatment

capacity of 6ton/h having a power capacity ranging from 0.11kWe to 14 kWe
(n = 4). An average electrical energy consumption +Stdev.P , assumed for
treating 6 -40 ton/h is calculate d as 3.4 * 3.01 kWh/m?3 digestate treated in a
centrifuge (n=10). Due to the lack of data and details in the data, the
accurateness of these values is uncertain.

No heat is required for operating a decanter centrifuge.

22114 Storage capacity

A centrifuge treating u p to 15 tons per hour has a footprint of about 3 m2.
Storage capacity for the produced liquid and solid fraction can be calculated
based on the treated volumes and separation efficiency.

22115 Costs
The capital expenditures (CAPEX) are the investment costs . Table 2-5
gives some indicative values for CAPEX of a decanter centrifuge in relation
to the treatment capacity
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Table 2-5 CAPEX vs treatment capacity of a centrifuge (SYSTEMIC database,
December 2020)

Treatment CAPEX (1) n

capacity (ton/h) Average +Stdev.P

2 86,333 + 22,965 15

5 93,321 + 21,892 14

7 155,000 + 47,081 3

8 81,535 1

12 81,535 1

15 145,000 + 7,071 3

20 100,000 1

30 171,667+30 ,641 3

50 250,000 + 40,825 3

90 300,000 1
The large variances can be attributed to the fact that some CAPEX data
contain also the costs for installation of the technology  and programming of
the Programmable Logic Controller (PLC) . These extra costs  are not always
specified, so a 6cleand6 figure for the cost

possible to obtain.

Data from the SYSTEMIC database were based on a.o. (Bamelis 2016;
Lemmens et al. 2020; Postma et al. 2013; STIM and VCM 2004) and
personal communication with consultants and technology suppliers  like
Slootsmi d, GEA, Nijhuis, DLV-United Experts.

A polymer dosing unit is estimated to cost between 120000 and 50.000u0
(Bamelis 2016) and one is needed per centrifuge.

The operational expenditures (OPEX , here considered as the pure
processing cost, can include vari ous costs like equipment maintenance
costs, costs of chemicals and additives and labour cos ts.

If OPEX data was found, it generally an estimation on a yearly base, which
was often reported as a percentage of the CAPEX (Table 2-6).
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Table 2-6 Data on the OPEX of the centrifuge from the SYSTEMIC database,

December 2020
Source OPEX Remarks
(Postma et al. 2012) Cost breakdown not
5% of CAPEX
specified
Estimation Nijhuis, DLV  -united
3% Only maintenance?
experts
Estimation VP Hobe 5-7% Only maintenance?
(Agentschap NL, NL Energie Excl. Storage, and with
1-5 04/ t iopot
en Klimaat, 2010) contin uous use
(Block 2009) 2000 kW plant
0.630/ mj inpu Costbreakdown not
specified
(Schroder et al. 2009) 5% Only main tenance
(Brienza et al. 2018) 25,000 O + 1%
Only maintenance
CAPEX
(Barampouti et al. 2020) 3.680/ mj CAPEX+OPEX
The large variation can be attributed to the fact that it was also not always

clear which cost items were included in this percentage.

Due to their mode of operation (i.e. fast rotating cylinder) , centrifuges are
more susceptible to sand abrasion than the other types of separators.

Separation of digestate types containing more  sand, plastics or stones could

result therefore in higher maintenance costs.
Cost of chemicals

Based on data from  suppliers and biogas plants a polymers cost between
2.5-3.5 0/ k depending on the charge density and molecular weight.

The amount of flocculants (polymers) dosed in a centrifuge ranges from 2

14 kg powder PM/ ton DM of the digestate (Excel tool separation

GEA; Heviankova etal., 2015; Bamelis, 2016) . Some demo plants use
powder polymers  dissolved in water at concentrations of 0.3% or 0.7% .
This would be an amount of 0.05 -0.35 kg powder polymerused per m3
digestate . Thisrendersa polymer costof 0.15 i 1/m3of digestate
(assumed powder phlygner)

However, the amounts ~ can vary depending  on the type of digestate and the
finetuning of the separation with polymer addition.
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2212 Screw press

22121 Technology description
A screw press (or screw press filter or
press auger ) is a machine in which a
large screw rotates  withing a cylindrical
screen with 0.1-1 mm holes. The liquid
fraction is physically separated from the
rest of the digestate through these
perforations and is collected ina
container surrounding  the screen .
Separation is therefore based on particle
size. The screw provides a gradual
increase in pressure  and at the end of the
axle the solid fraction will be pressed
against the plate and more is liquid
pressed out .

1a'
Figure 2-5 Screw press. Source:
(Gorissen and Snauwaert 2018)

The solid fraction is  retained

by this plate and goes out through an outlet pipe. The separation efficiency

can be adapted by the counter pressure of the outlet opening.

Typical capacities of screw presses are around 2-15 m3h (Lemmens et al.
2020; Postma et al. 2012)

solid fraction

press screw

" solid fraction

discharge

digestate
"

gl

liquid fraction
discharge

Figure 2-6 Scheme of a screw press, source: adapted from  (Hjorth et al.
2010)
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22122 Separation efficiency

Table 2-7 give s an example of separation efficiency for mass, dry matter

and nutrients to the solid fraction for Demo Plant Groot Zevert Vergisting
The screw press is used as a starting point for the RePeat cascade ( Figure
2-25). solid

fraction

Post digestate
Table 2-8 shows the efficiencies

of the screw pres ses working in
the NRR cascade at the Benas
Demo plant ( Figure 2-7). Table
2-9 glv?s exeTrr?pIeé of b
separation efficiencies  from Digestion
SYSTEMIC Associated Plants. )

N stripped
Table 2-10 compares the data of digestate
the SYSTEMIC plants with the

averages found in the
SYSTEMIC database.

liquid
fraction

r

fertiliser
solution

Gypsum

digestate

FiberPlus
stripper

liquid fraction solid

fraction

Figure 2-7 Process scheme of Benas
including the 2 screw presses.

Table 2-7 Separation efficiencies of first screw press to the solid fraction in
the RePeat process at Groot Zevert Vergisting (Brienza et al. 2020)

DM = dry matter, OM = organic matter, Total N = total nitrogen, NH4  -N = ammonium
nitrogen, Total P = total phosphorus, Total K = total potassium, SF= solid fraction
! solid fraction after Separation efficiency to
centrifuge (= input SF %
screw press 1)
Mass Ton day ! 22
DM gkg* 329 65
oM gkg? 254 75
Total N gkg ! 12.6 30
NH4-N gkg? 6.1 30
Total P gkg ! 9.1 30
Total K gkg ! 4.6 18

1 GzV 11 2kt peryear: 6 7% pig slurry, 4 .5 %cattle slurry, 9% slaughterhouse manure, 16 %
Co-product diary industry, 3.5 % glycerine
Solid fraction of digestate after centrifuges going to screw press 1: average of TO1 -

TO02(7/4/2020 1 11/5/2020) (n=2). No coagulants or flocculants added to the screw press.
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Table 2-8 Separation efficiencies of  the screw press to the solid fraction at Demo Plant Benas.
DM = dry matter, OM = organic matter, Total N = total nitrogen, NH4 -N = ammonium nitrogen, Total P = total phosphorus, Total K = total

potassium, SF= solid fraction

! digestate Separation 2 N stripped Separation 3 digestate Separation
efficiency to SF  digestate efficiency to SF efficiency to SF
% % %
Mass Ton day “* 224.6 21 208.1 5 20
DM gkg 't 127 32 124.4 12 110+ 16 41
oM gkg ! 85 86 14 75+ 14 48
Total N g kgt 7.7 19 6.2 4 79+21 22
NH4-N gkgt 3.8 11 0.7 0.4 4.4+0.43 20
Total P gkgt 2.25 28 2.3 7 1.6 £0.26 28
Total K gkg* 7.3 18 7.8 5 6.9+0.73 16

1 Benas 9.58 ktperyear: 35% Chicken manure , 30% Rye silage , 28% Corn silage ,4.7% Grain flour , 2.6% Grass silage

(Brienza et al. 2019) Solid fraction of digestate after screw press 1: average (August2017) . No coagulants or flocculants added to the screw press.

2 Benas 9.58 ktperyear: 35% Chicken m anure, 30% Rye silage ,28% Cornsilage ,4.7% Grain flour , 2.6% Grass silage
(Brienza et al. 2019) Solid fraction of N -stripped digestate after screw press 2: average (Aug ust 2017) (n=). No coagulants or flocculants added to

the screw press.

3 Benas 28.2 kt peryear: 62% Corn silage , 3% Corn grain ,28% Chicken manure ,5% Grass silage ,0.8% Goose manure ,0.7% Millet
(Brienza et al. 2020) Solid fraction of digestate after screw press 1: average (January -April 2019 ) (n=12). No coagulants or flocculants added to

the screw press.
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Table 2-9 Estimations of Screw press separation efficiency to the solid fraction of different parameters from SYSTEMIC

Associated Plants

DM = dry matter, OM = organic matter, Total N = total nitrogen, NH4 -N = ammonium nitrogen, Total P = total phosphorus, Total K = total
potassium , , SF = solid fraction
1 Separation 2 Separation 3 Separation
Digestate efficiency SF % Digestate efficiency SF % digestate efficiency SF %
Mass 20.000m3/year 15 63.000 m3/year 10 45.000 m3/year 10
DM gkg ! 80 56 9 40 23 77
oM g kgt 19 82
Total N gkg 't 5 5 28 5 10
NH4-N gkg -t 0 2 1 10
Total P gkg 't 0 100 0.436 1.3 70
Total K gkg* 0.83 15 0 3.3 33
1 Biogas Plant in Belgium : feedstock 20kt/year:25% pig slurry, 25% cattle manure , 25% corn and 25%  other organic biological waste
No coagulants or flocculants added to the screw press.
(biogas plant 4;  information provided by plant operator on Survey SYSTEMIC 15/05/2019 ).

Estimations of recovery rate based on operator knowledge

2 Biogas Plantin Ital y: feedstock 70 kt/year: 58% cattle slurry , 42% cattle manure (solid)
No coagulants or flocculants added to the screw press.

(biogas plant 5; information provided by plant operator on Survey SYSTEMIC 15/05/2019).
Estimations of recovery rate based on operator knowledge

3 Biogas Plantin Belgium : feedstock 45 kt/year: 13% corn, 87% other organic biological waste
No coagulants or flocculants a  dded to the screw press.

(biogas plant 11; information provided by plant operator on Survey SYSTEMIC 20/05/2019).
Estimations of recovery rate based on operator knowledge
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Table 2-10 Summary of separation efficiencies of screw presses to the solid
fraction of different parameters from the SYSTEMIC plants and the
SYSTEMIC database.

SEto SF% Mass DM oM Total N NHa4-N Total P Total
K

1 10-22 32-77 48-82 10-30 10-30 28- 15-33

SYSTEMIC with 100

Plants out

2 Database PM 12+8 33+14 35+ 11 15+ 6 11+ 4 28+ 11 11+7

3 Database with 37+ 18 73 20+ 28 24+9 19 60+ 25 15
PM

1 Summary of the data in Table 2-7 and Table 2-8 and Table 2-9, minimum -maximum
values

2 SYSTEMIC d atabase (December 2020) :filteredon Ty pe of digepatetd ,i end product:
fisolid fraction 0, af t er : fi s e-pceew préss O, themical: ino pol ymer o

Average SE +Stdev.P; mass(n= 15),DM (n= 16),0M (n= 12), Total N (n= 7)),NH4 -N(n= 2),
Total P(n= 6), TotalK (n= 6)

3 SYSTEMIC d atabase (December 2020) :fiteredon Ty pe of digesmteto:, i end product :
fisolid fraction 0, af t er : ise-par awi pecherscalofipol ymer 0o

Average SE +Stdev.P; mass(n= 3),DM (n= 1),0OM (n= 3), Total N (n= 2),NH4 -N(n= 1), Total
P(n=2), Total K (n= 1)

A screw pr ess is mainly suitable for obtaining a high dry matter content in

the solid fraction as opposed to the separation  of nutrients. This makes the
solid fraction suitable for stall bedding. Because a screw press  only
separates coarse patrticles, small particles are contained in the liquid

fraction. Also, anaerobic digestion  will enhance this, because it degrades

most of the organic compounds, which makes the average particle size of
particles in  digestate also lower  than in the initial feedstock (Masse et al.
2005) . In general, digestate contains very few fibres comparedto (cattle)
manure which makes it hard to separate with a screw press. Nonetheless, in
practice, separation of digestate from mono -digestion of cattle manure or
co-digestion with maize is also done with a screw press (communication
with SYSTEMIC plants, 2018 ).

At a higher dry matter content of the ingoing digestate , a solid fraction with

a higher dry matter is obtained. Also the separation efficiencies of N, P and
Kincrease (VLM 2018) .

The use of additives like flocculants, is sometimes done in practice to
improve separation efficiency of digestate in a screw press . Table 2-10
shows higher SE for mass, dry matter and phosphorus when pol ymers are
added.
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Combination with other techniques (e.g. pre -treatment) was seenin the
the RePeat cascade of Groot Zevert Vergisting (Figure 2-25) and Benas
(Figure 2-7). The screw press is used in both cases to obtain a high

separation of dry matter. In the case of Groot Zevert to recover the P

stripped solid fraction and for Benas to recover the fibres from the N

stripped digestate.

Composition of the end products
According to the SYSTEMIC database, a solid fraction  of digestate after a

screw press has and average DM percentage of 23+ 8% (n= 87).
More details on products can be found in the SYSTEMIC product fact sheets.

Treatment capacity

The relation of the  treating capacity  of the screw press with the SE was not
investigated further, due to lack of data. But it is assumed that screw
presses (large or small) have equal performance. If larger capacity is
needed, multiple screw presses can also be put in parallel.

221.23 Energy requirements

The energy ¢ onsumption of the screw press at the Demo plants Groot Zevert
and Benas were not individually measured or calculated.

Other values are found in the database, describing screw presses  with
treatment capacity of 6 ton/h having a power capacity ranging from 4 kWe to
55 kWe (n = 3). An average electrical energy consumption *Stdev.P ,
assumed for treating 6 ton/h is calculated as 0.67 £ 0.39 kWh/m? digestate
treated in a screw press (n=1 3). Due to the lack of data and details in the

data, the accurateness of these values is uncertain.

No heat is required for operating a screw press .

22124 Storage capacity

A screw press treating up to 10 tons/hour has a footprint of about 3mz2.
Storage capacity for the produced liquid and solid fraction can be calculat ed
based on the treated volumes and separation efficiency.

22125 Costs

The capital expenditures (CAPEX) are the investment costs. Table 2-11
gives some values for CAPEX of a screw press in relation to the treatment
capacity.
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Table 2-11 CAPEX vs treatment capacity of a screw press (SYST EMIC
database, December 2020)

CAPEX (0)
Treatment capacity (ton/h) n
Average +Stdev.P

25,625 + 14,402

36,187+ 10,717

30,416+ 14,119

39,571+ 14,529

-6.5 28,750 + 13,404

34,583+9,176
44,400

10 24,062 + 4,542

12 52,500

15.5 17,000

© |00 O (O | (W |N

Ll I T e T S N O B

The large variances can be attributed to the fact that some CAPEX data
contain also the costs for installation of the technology and programming of
the Programmable Logic Controller (PLC). These extra costs are not always
speci fied, fgare farthé cobt efaniy@ screw press was not
possible to obtain.  For achieving higher treatment capacity, it is possible to
put multiple screw presses in parallel. This was also not always specified but
does have an impact on the price.

Data fromthe SYSTEMIC database was based on a.0o. (Bamelis 2016;
Lemmens et al. 2020; Postma et al. 2013) and personal communication
with consultants and technology suppliers  like Nijhuis and DLV-United
Experts.

(Herbes et al. 2020)  estimatedthe CAPEX of a screw /m¥ess on O.
digestate treated.  This is in line with the values in the SYSTEMIC data base.

A polymer dosing unit is estimated to cost between 12.000 and 50. 000040
(Bamelis 2016) and one is needed per  screw press .

The operational expenditures (OPEX , here considered as t he pure
processing cost, can include vari ous costs like equipment maintenance
costs, costs of chemicals and additives and labour costs.

If OPEX data was found, it generally an estimation on a yearly base, which

was often reported as a percentage of the CAP EX (Table 2-12).
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Table 2-12 Data on the OPEX of a screw press from the SYSTEMIC

database, December 2020.

Source OPEX Remarks
(Postma et al. 2013) Cost breakdown not
5%
speci fied
(Evers et al. 2010) Basedon 5%
interest, 10%
17.8% depreciation , 5%

maintenance en 10%
residual value

Estimation Nijhuis, DLV -

united experts

3%

Cost breakdown not

specified

(Schroder et al. 2009)

5%

Only maintenance

(Bamelis 2016)

05-30/ton

Cost breakdown not

digestate specified
(Herbes et al. 2020) Operation and labour
0.050/ mj di (¢ 500kw and 2000kwh
H+; R -scenario
(Barampouti et al. 2020) 0.540/ mj CAPEX+0OPEX

The I abour expenditure
al. 2009) .

The large variation can be attributed to the fact that it was also not always

was estimated at

approx. 15min

clear which cost items were included in this percentage.

Cost of chemicals

Based on data from suppliers and biogas plants polymers
between 25-35 G4/ kg .

Amounts of polymer added varied between

(Bamelis 2016
(solution of

, GEA separation tool

Survey SYSTEMIC 24 -05-2019).

As seen in these examples,
type of digestate and the finetuning of the separation with polymer

9-10 kg polymer/ ton DM

per day (Bauer et

the amounts

) and 56 g poly mer/m? digestate
62% 0.09L solution/m3 digestate) ( Biogas Plant in Sweden,

used can vary depending on the

addition.
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2.2.1.3 Belt press

22131 Technology description

A belt press consists of two
water -permeable belts guided
over several rolls. The belts are
pressed against each other over

a certain length. This way sh ear
forces and mechanical pressure
are generated between two
belts to de -water the digestate.

The process typically consists of
three stages; gravity, low
pressure and high pressure. The
digestate is fed between the two
belts where the  water is first
removed via gravity. In the

Figure 2-8 Belt press. Source: VP -Hobe,
installed at BioStorg Biogas Plant,
second section, pressure is Houthalen -Helchteren, Belgium, 2019.

applied as the belts pass through a series of rollers and the water is pressed

out under increasing pressure . The final de -watered solid fractionor @ ¢ a kie 0
removed from the belts by scraper blades. Belt presses can treat on average

2-40 m3¥/h. (Postma et al. 2012)

filter cloth
solid fraction § N washing
ey

solid fraction
discharge

digestate

liquid fraction and wash
water discharge

Figure 2-9 Scheme ofa belt press, source: adapted from (Hjorth et al. 2010)
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22132 Separation efficiency
None of the Demo Plants or Outreach Locations have a belt press
implemented. Table 2-13 gives data for separation efficiencies
Associated plants and data from th e database.

Digestate treated in a belt press usually

poly electrolytes (polymers/flocculants) for efficient dewatering

Table 2-13 Summary of separation efficiencies of
fraction of different parameters from the SYSTEMIC plants and the
SYSTEMIC database.

needs to be conditioned with

from 2

belt pre sses to the solid

Separation Mass DM oM Total NH4-N Total P Total
efficiency SF N K

%

1 Associated 20

Plant

2 Associated 27

Plant

3 Associated 23

Plant

4 Database 27+3 66+ 1 73 32 28 48+ 26 26+ 1

1 Associated Plantin Belgium : feedstock 90 kt/year: 61% pig manure , 39% other organic

biological waste
81kt/year is separated in the belt press. Flocculants are added to the
Estimations of recovery rate based on operator knowledge

2 Associated Plantin Belgium :
biological waste

Estimation by technology provider based on 250kt/year digestate of 10.5% DM
Digestate is first ~ separated in a flotation unit, where f locculants added
from the flotation unit is dewatered in a belt press without additional flocculants.

S Associated Plantin Belgium : feedstock 250 kt/year:100% pig manure,

Estimation by technology provider based on 250kt/year digestate of 8.5% DM.
Digestate is first separated in a flotation unit, where flocculants added. The solid fraction
from the flotation unit is dewatered in a bel t press without additional flocculants.

4 SYSTEMIC d atabase (December 2020) :filteredon Type of

fisolid fraction o0, af t er : i s e-pedt rpa teisc
Average SE +Stdev.P; mass(n= 3),DM (n= 2),0OM (n= 1), Total N (n=

P(n= 4), Total K (n=  2)

belt press .

feedstock 250 kt/year:50% pig manure, 50% other organic

. The solid fraction

digestate to:, i e nd

product :

2),NH4 -N(n= 1), Total
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Combination with other techniques (e.g. pre -treatment) was seenin the
the Associated plant BioStorg, where a flotation unit is used as a first

dewatering step of the digestate. According to the technology supplier VP -
Hobe, thi s lowers the use of flocculants in both steps and increases the

efficiency of the belt press.

Composition of the end products
According to the SYSTEMIC database, a solid fraction of digestate after a

belt press has and average DM percentage of 23+ 3 (n=5).
More details on products can be found in the SYSTEMIC product fact sheets.

Treatment capacity

The relation of the  treating capacity  of the belt press with the SE was not
investigated further, due to lack of data. But it is ass umed that all belt
presses (large or small) have equal performance.

22133 Energy requirements

The energy consumption of the belt press at the Associated Plants was not
individually measured or calculated.

Other values are found in the database, describing belt presses with an
average electrical energy consumption +Stdev.P of 0.9* 1.3 kWh/m3
digestate (n= 13). Due to the lack of data and details in the data, the
accurateness of these values is uncertain.

No heat is required for operating a belt press .

22134 Storage ¢ apacity

A belt press treating up to 20 tons/h requires a surface about 15  -20mz2.
Storage capacity for the produced liquid and solid fraction can be calculated
based on the treated volumes and separation efficiency.

22135 Costs

The capital expenditures (CAPEX) are the investment costs. Table 2-14
gives some values for CAPEX of a belt press in relation to the treatment
capacity.
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Table 2-14 CAPEX vs treatment capacity of a belt press (SYSTEMIC
database, December 2020)

CAPEX (0)
Treatment capacity (ton/h)

=}

Average +Stdev.P

2 107,500 + 40,697 6
3 70,000 1
4 70,000 1
5 106,666 =+ 48,362 6
10 112,500 + 37,500 2
20 125,000 * 50,000 2
40 112,500 + 37,500 2

The large variances can be attributed to the fact that some CAPEX data
contain also the costs for installation of the technology and programming of
the Programmable Logic Controller (PLC). These extra costs are not always

specified, so a thedos af onfya $ciew prassewad notr
possible to obtain.
Data from the SYSTEMIC database, based on a.o. (Bamelis 2016; Evers et

al. 2010; Lemmens et al. 2020; Postma et al. 2013; STIM and VCM 2004;

Verdoes 2013) and personal communication with consultants and

technology suppliers  like Nijhuis and DLV-United Experts.

A polymer dosing unit is estimated to cost between 12000 and 50. 000U
(Bamelis 2016) and one is needed per  belt press .

The operational expenditures (OPEX , here considered as the pure
processing cost, can include various costs like equipment maintenance
costs, costs of chemicals and ad ditives and labour costs.

If OPEX data was found, it generally an estimation on a yearly base, which

was often reported as a percentage of the CAPEX (Table 2-15).
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Table 2-15 Data on the OPEX of a belt press from the SYSTEMIC database,
December 2020.

Source OPEX Remarks
Based on 5%
interest, 10%
17.8% depreciation , 5%
maintenance en 10%
residual value

(Bamelis 2016) Cost breakdown not
5-100/ t on di g

(Evers et al. 2010)

specified
(Lemmen s et al. 2020) Cost breakdown not
3.250/ mj mai
specified
(Postma et al. 2013) 9% Cost breakdown not
specified
Person al communication 250.000 ton/year
technology provider, 2020 0.30 G/ton maintenance
0.35 G/ton PLC automatisation

The large variation can be attributed to the fact that it was also not always
clear which cost items were included in this percentage.

Energy costs

The default price used for electricity is 0.02 -0.150/ k Wh e
The costs for energy could then be estimated at 0.0 9+0.10/ mj
(09+1.3kWh/m3 * 0. 10/ kWhe) .

Cost of chemicals

Based on data from suppliers and biogas plants polymers can cost
between 25-3. 5 04/ kg.

Amounts of polymer added varied between 9 kg polymer/kg DM (GEA

separation excel tool) and >1 4(Bamelis 2016)

However, the amounts  can vary depending on the type of digestate and the
finetuning of the  separation with polymer addition.
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2214 Dissolved Air Flotation ( DAF)

22141 Technology description

A flotation system is mainly
used as an additional
separation step, to remove
suspended solids, oil, fats
and grease and other apolar
substances  from  liquid
fraction (Gruwez  2012)
(Figure 2-10). It is a gravity
separation process based on
the attachment of air or
gasses bubbles to solid
particles, which are then
carried to the liqu id surface
where they form a crust,
which can be scraped off Nijhuis Industries
(Lebuf et al. 2013)

Figure 2-10 Scheme of a Dissolved air
flotation (DAF), source: adapted from

Depending on the way the gas bubbles are generated, flotation is divided

into dispersed air, dissolved air and electrolytic air.

The Dissolved Air Flotation (DAF) is the most diffused flotation system. By
decompressing compressed air, very small air bubbles are created, which

are released on the bottom of the tank. In order to  improve the separation
efficiency, coagulating and/or flocculating agents can be added to input

stream. Complexing agents like FeCl 3, Fe2(SO4)s, organic coagulants, etc.

are used to coagulate  the solid particles, fats and grease. Polymer is added
to floccu late the created complexes which can be removed at the surface.

Treatment capacity ranges from 0.1m3/h to more than 1000m3/h .
22142 Separation efficiency

Table 2-16 gives data for separation efficiencies from Groot Zevert
Vergisting and  data from the database.

Digestate treated in a DAF unit usually needs to be conditioned with
coagulants and/or flocculants  for efficient dewatering
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Table 2-16 Analyses on digestate and related

DAF separation efficiency to the solid fraction of different parameters from

monitoring campaigns during the SYSTEMIC project at Groot Zevert Vergisting.

DMsus = suspended dry matter, DMsol = soluble dry matter, OM = organic matter, Total N = total nitrogen,

NH4-N = ammonium nitrogen, Org

N= organic nitrogen, Total P = total phosphorus, Inorg -P=inorganic phosphorus, Org -P= organic phosphorus, Total K = total potassium, DC=
decanter centrifuge, LF = liquid fraction, SF=solid fraction, PM= powder polymer
Separation 2 Separation 3 Mixture Separation
LF after DC efficiency SF % LF after DC efficiency SF % storage efficiency SF
102 %
Mass Ton day ! 24 292 31 19
Water gkg ! 871 24
DMsus gkg ! 11 60 14 42
DMsol gkg ! 20.3 24
oM gkg 5.8 60
Total N gkg* 5.6 26 6.2 21 2.6 26
NH4-N gkg ! 51 24 4.4 25 2.3 19
Org-N gkg ! 0.6 45
Total P gkg ! 0.3 70 0.6 35 0.036 17
Inorg -P gkg ! 0.26 70
Org-P gkg ! 0.04 70
Total K gkg ! 4.48 24 4.4 23 2.1 18

1 GzV 115kt feedstock per year: 64% pig slurry, 4%cattle slurry, 10.5% slaughterhouse manure, 18% Co

(Brienza et al. 2018)
2 GZV 11 2kt feedstock peryear: 6 7% pig slurry, 4
(Brienza et al. 2019)
3 AM-Power 121kt/year: 88% food industry waste,
(Brienza et al. 2018)

calculated and estimated figures by Nijhuis Industries

.5 %cattle slurry,

9% glycerine,

9% slaughterhouse manure,

April 24th and May 7th 2019 average of samples taken (n=2)

-product diary industry,2.6% glycerine

, Polymer addition 0.06 3 kg PM/ton input

16 % Co -product diary industry,

. Polymer added

2% organic biological waste

September -October 2018 average of samples taken (n=2) .

Polymer added

3.5 % glycerine
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Table 2-17 Summary of separation efficiencies of DAF units to the solid
fraction of different parameters from the SYSTEMIC plants and the
SYSTEMIC database.

Separation Mass DM oM Total NH4-N Total P Total
efficiency SF N K

%

tGzv 24-31 36 60 21-26 24-25 35-70 23-24
2 AM-Power 19 42 26 19 17 18

4 Database 58+8 34+1 92+ 4

1 Summary of the data ~ from GZV in Table 2-16 ;minimum -maximum
2 Summary of the data  from AM-Power in Table 2-16

3 SYSTEMIC d atabase (December 2020) :filteredon Ty pe of digestaetdo:, i end product:
fisolid fraction 0, a f t eseparfation -DAFO

Average SE +Stdev.P; mass(n= 3),DM (n= 0),OM (n= 0), Total N (n= 3),NH4 -N(n= 0), Total
P(n= 3), Total K (n=0)

Combination with other techniques
The effect of pre -treatment could not be investigated due to lack of data.

Composition of the end products
The resulting solid fraction from a DAF will have a  relatively high moisture
content ( 3to 8% DM)(Cocolo 2012) . Values from the Demo Plants  (Brienza

etal. 2019) and the SYSTEMIC database show a large variation (3.2-
32%DM) dueto different types of  of input material (digestates, manures, LF
of DAF after centrifuge, screw press or belt press) or sampling method

Treatment capacity

The relation of the  treating capacity  of the DAF with the SE was not
investigated further, due to lack of data. But it is assumed that all DAF units
(large or small) have equal performance.

22143 Energy requ irements

The energy consumption of the DAF unit at GZV was 0.45kWh/m3inpu  t. AT
the AM-Power plant, the DAF had an electrical power capacity of 7kW e. Here,
the energy consumption per m3 of digestate was not individually measured

or could calculated forthe DAF unitatthetime  (Brienza etal. 2019)

Other values are found in the database, describing DAF units with a power
capacity rangin g from 2-4 kWe. An estimation of 1.36 kWh/m3 digestate  was
provide d by Rika Biofuels. No heat is required for operating a DAF unit .
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22144 Storage capacity

A DAF treating 2 5 m3 /h requires a surface about 15 -30m2. The DAF unit
can also be located outside. Storage capacity for the produced liquid and
solid fraction can be calculated based on the treated volumes and

separation efficiency.

22145 Costs

The capital expenditures (CAPEX) are the investment costs. Table 2-18
gives some values for CAPEX of a screw press in relation to the treatment

capacity.

Table 2-18 CAPEX vs treatment capacity of a DAF (SYSTEMIC database,
December 2020)

Treatment capacity (ton/h) CAPEX (0)

5

Average +Stdev.P

15 375,760 1
22 500,000 1
70 55,000 * 20,000 2
75 49,000 *8981 3
80 55,000 + 20,000 2

The large variances can be attributed to the fact that some CAPEX data

contain also the costs for installation of the technology and programming of

the Programmable Logic Controller (PLC). These extra costs are not always
specified, so a thedosafonfyaf DAFuwasnotipassible to
obtain.

Data from the SYSTEMIC database, based on personal communication with
consultants and  technology suppliers  like Rika Biofu els.

A polymer dosing unit is estimated to cost between 12000 and 50.00004U
(Bamelis 2016) and one is needed per  DAF unit .

The operational expenditures (OPEX , here considered as the pure
processing cost, can include various costs like equipment maintenance

costs, costs of chemicals and additives and labour costs.

Yearly maintenance costs of the DAF at Groot Zevert Vergisting has been
estimated at around 1% of investm ent (Brienza et al. 2018)
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Cost of chemicals

The amount of coagulant and flocculant that is used, depends on the

amount of solids and grease in the input, and the separation efficiency tha t
is desired. However, there is a certain maximum amount of flocculant

added, after which the separation efficiency will not improve anymore

(Cocolo 2012; Prodtnescu 2017)

Based on data from suppliers and biogas plants polymers can cost between

25-35 0/ k g. 3(#0eodd has an average price of 0.150a/ kg.
Amounts of polymer dosed in a DAF ranges from 0.06 kg polymer perm 2 of
digestate (GZV, (Brienza etal. 2018) to 0.3 kg polymer/ton input (Hoeksma
and De Buisonjé 2011)

However, the amounts can vary depending on the type of digestate and the

finetuning of the separation with polymer addition. AM-Power used a

combination of to 0.3 kg polymer/m3 input ( 46L 0.7% polymer solution /m3

input ) in combination with 3.5L FeCl 3 (40%) /ton ( AM-Power 2017 -2018).

This was added before the centrifuge so the additives improved the

performance of both the centrifuge and the DAF.

This would result respectively for polymer and FeCl 3in 0.90/ mj of input
©03kg PM/ mj input * G8UKgnjPMnpand (3.5 L [/ mj i n
0.100 L, density: 1.438L/kg)

2215 Comparison separation efficiency different types of separators

Mechanical separationis  known to be inefficient for concentrating

components that are mostly water -soluble or present as/ adsorbed to small
particles. In digestates, it is not only the case of K and NH 4-N thus TN, but
also Na, S, Cu,and Zn  (Cocolo 2012; Guilayn et al. 2019)

Screw presses tend to have lower efficiency for separation of minerals (N, P,

K) and only efficient with digestates with lower moisture inputs (> 4% DM)

presenting containing large particles such as manure and silage

lignocellulosic fibres (personal communication technology supplier, 2020;

Guilayn et al. 2019)

The opposite is the case for decanter centrifuge s. A digestate with a high N -
org content would tend to generate an NP -rich solid fraction  (Guilayn et al.
2019) .

However coarse particles mainly get degraded during anaerobic digestion

and are therefore not retained, resulting in a low SE Total DM for digestate
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in a screw press (SE DM centrifuge 59+17; SE DM screw press
33+ 14)(Table 2-4, Table 2 -10, Masse et al. 2005)

Regarding the separati  on of larger particles , d ecanting centrifuges might be

damaged by gross material and are more effective to remove small

suspended particles, especially after coagulation. At the same time,  the
higher investment costs make that the economic feasibility of centrifuges
need s much higher flows, which is commonly not the case of farm -based AD
plants but it is true for industrial, municipal and other centralized facilities.

In general, a centrifuge can separate particles as low as 27 5pum , which

contributes to  a relatively high separation efficiency for phosphorus,
compared to a screw press (SE P centrifuge 76118 ; SE P screw press
28+11 )(Table 2-4, Table 2-10;SYSTEMIC Biogas Plant, internal
communication, 2020; Guilayn et al., 2019)

The advantage of the centrifuge lies in the fact that it combines h igh
efficiency with automatization. The investment cost is higher than a screw
press and b elt press, and has a higher energy use. The high rotation

frequency and friction ~ creates wear and tear, which contributes to higher
operational costs.

Belt pre sses produce a solid fracti  on with a lower dry matter cont entthan a
centrifuge, however the SE P is comparable. Belt presses are relatively
expensive and therefore more suitable f or collective or regional application.
Disadvantages of the belt press are t he use of wash water for the belt and
the coagulants and flocculants to obtain a sufficiently high SE P(VLM 2018) .

The best -fit technology for a particular case depends on the goal that needs

to be achieved: high P recovery or DM recovery, at a low cost or not, etc.

For example, a screw press in series with a  centrifuge working at  relatively

low flow rates (4.5 m  3/h) could provide higher N and P recoveries (45 T

80%)but atconsiderable expensdéds488/BguPmand 2. 3441
while a run -down screen screw press system working at high flows

(18m3/h ) could achieve P and N recover ies of 20 and 15% respectively with

| ower operational3;cast96 a(/ k.g0 34U /am dRomer® 6 U/ kg N)
Gliza et al. 2016)
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2.2.2  Ammonia stripping -scrubbing
2221 Technology description

The ammonia stripping  -scrubbing technique can be applied on a nitrogen
(N) rich waste stream, such as (liquid fraction) of digestate

A solution like (liquid fraction of) digestate, contains anhydrous ammonia
dissolved in water, in 100% 0%
—
which the ammonium 30% /7 /’ / 10%
H H : H H 80% 20%
ion in solution exists in £ //1/ .
A . g 70% 30% 2
equilibrium with g IV 2
L E 60% 0% E
unionized (free) 2 o / / / oo %
ammonia, whic h can 2 0w // / / / —20°Cc | so% B
volatize. B 30% 11/ =0T L go
E // / —60°C E
NH3z (gas)= NHs +H 20 20% / / —ggec | B0%
= NHs (ag) +H 30" = 10% 7 ) —100°c | 90%
. _ 0% | 100%
NH4* + H20 = 4 5 6 7 8 9 10 11 12
NH4* (ag) + OH “(aq) pH value

This equilibrium or the ) o )
o Figure 2-11: Equilibrium of NHz and NH 4* in
furge to escape as 'a ]

. Water at dllffere%nt pH and different temperatures
gas or stay in solutiono
depends on pH and
temperature  [?].
Increasing pH and/or temperature pushes the equilibrium from soluble
ammonium (NH 4*) towards gaseous  strippable ammonia . The partial
pressure of NH 3 will also rise  with the falling pressure (when working under
vacuum conditions).

pH increase  and temperature increase

In the first step, the liquid fraction is manipulated to ensure that more
nitrogen becomes available in the form of ammoniacal nitrogen (NH 3-N) as
only this form of gaseous nitrogen can be recovered. This can be done either

by increasing the pH with caustic lime (Ca(OH) 2) or by sodium hydroxide
(NaOH) .

The base ionization constant is Kb = 1.8I
range of 0°C -50°C and a pH range of 6.0 to 10.0, the relation with temperat ure
is pKa = 0.0901821 + 2729.92/Tk where Tk is temperature in degrees Kelvin, Tk
=°C +273.2.
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NaOH consumption canbe decreased oravoided when the excess carbonate
buffer capacity inthe input is removed . This can be achieved by stripping
CO2 from the input , which will also prevent the formation of CaCO 3
precipitates in the N stripper (Vaneeckhaute 2015)

Ammonia stripping

Next, the liquid fraction enters on top of the syste ~ m, where it is diffused by
nozzles or sprayed over  a packing material  to i ncrease the contact surface

of liquid and air.  The stripping gas enters usually from the bottom . In this
way ammonia is transferred from the liquid to the gaseous phase in a

counter current system.

Ammonia scrubbing

The stripping gas, charged with ammonia, is then captured and the

ammonia is removed (scrubbed) by washing it with a strong acidic solut ion,
such as sulphuric acid or nitric acid, in the scrubbing system. The scrubber
water, isa nammonium salt  solution of ammonium sulphate or ammonium
nitrate, which can be used as an alternative crop fertiliser (see D 3.4 Market
Research in Europe ).

2NH3 + H2SO4 = (NH 4)2S0a4 .

—

Steam or air

Stripping gas
with NH3 free of NH3

Liquid I Acid
fraction Sulphuric or
tripping gas
& steam or air

k Effluent

Figure 2-12 Scheme of N stripping  -scrubbing. Adapted from: Intereg
Flanders -the Netherlands project NITROMAN.www.hitroman.be
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Alternatively, the stripping gas, containing NH

3, CO2 and H 20 is brought into

contact with gypsum and reacts to calcium carbonate, which is precipitated

and ammonium sulphate as solution

2NH3 +CO2 +H 20+ CaS0O 4 =CaCO 3 + (NH 4)2S0a4
The stripping gas from which the ammonia is removed can be recirculated

to the stripping tower.
As stripping and scrubbing of ammonia occurs
are generally low.  Obviously, non -volatile

in a closed system, emissions
components, like organic -bound

N, phosphorus, potassium, metals, solids etc. will not be transferred to the
ammonium  sulphate/nitrate solution, but will stay in the stripper effluent.

Configuration  : Inline stripping

Some feedstock (such as poultry manure, protein -rich feedstock) have
relatively a high N content, which may cause high concentrations of
ammonia to be released in the digester during anaerobic digestion. When

reaching toxic concentrations, this can cause i

nhibition of the Archaea and

lower biogas production  (Krakat et al. 2017; SYSTEMIC et al. 2018)

Recirculation of N -depleted digestate after N
to be effective in diluting ammonia con ce

stripping to the AD has proven
ntrations within the digester. At

the same time, ammonia is recovered in the form of ammonium sulphate

solution (Ghyselbrecht et al. 2017)

When stripping with air, the oxygen in the stripping gas can also lower the

activity of the anaerobic bacteria and therefore

strippi ng with biogas can

lead to higher biogas production (Bousek et al. 2016; VCM 2018a)
Within the SYSTEMIC project, Acqua & Sole (Italy) and Benas (Germany)

have implemented their AD plants with a
NH3s concentration i n the digester during the

n inline N-stripper to reduce the
digestion process

Acqua & Sole relieson H 2S04 solution as scrubbing agent (sulphuric acid
approach), therefore NH 3 is recovered in the form of ammonium sulphate

Conversely, Benas has implemented the

FiberPlus ammonia stripping -

scrubbing system  (formerly known as ANAStrip) , designed by GNS. Itis an
innovative approach on the N stripping -scrubbing technology where
CaS04.2H20 (Flue gas desulphurisation gypsum) is used to produce a

suspension of ammonium sulphate  and a

CaCOz(gypsum approach).  These two are separated by means of

filter press.

liming product containing

(Figure 2-13).

a chamber

47



6.
Digestate

|
é(’eedstock l Mixed y 2 : 7
: «&D
| 8.

Water and 9,

steam Stripped | Alternnative route
Digestate for digestate

| stripping

8.

Digestate |

P Ammoniu
sulphate,

Gypsum

rfertiliser

Feedstock Digestate FiberPlus suspension AT sulphate
—— -
D Lio stripper pr
k Calcium
N stripped arbonate
digestate

Liquid fraction N Solid fracti r
stripped digestate [T psaay Solid fraction SR Biogas
e 2 N st B —><_ fibers
stripped ‘
digestate
Figure 2-13 Scheme inline ammonia stripping -scrubbing from digestate at

Acqua e Sole (cascade on top), and Benas (cascade below)

Configuration: End of pipe stripping

Ammonia stripping  -scrubbing can also be useful before or after biological
treatment  (nitrification - denitrification), when focussing on lowering and
recovering the nitrogen of the digestate for marketing reasons (f.e. low N
fertilising application limits in nitrate vulnerable zones).

2222 Recovery efficiency

The efficiency of NH3 stripping is dominated by multiple parameters, e.g. NH 4"
concentration, buffer capacity , mass transfer surface area ( packing),
temperature, pH, retention time, as well as the flow rates of gas and liquid in

the stripping towers  (Shi et al. 2018)

The N recovery efficiency from a stripper -scrubber combination can range
from 20% to theoretically 98%, since the recovery efficiency can be
controlled by using  adapting pH and temperature and recirculating the

scrubber solution until it is saturated (Vaneeckhaute et al. 2017) . However,
807 90% is usually achieved in an effort to cut down the expenses
(Barampouti et al. 2020; Vaneeckhaute 2015) . The choice of how much

nitrogen is eventually stripped, will be case speci  fic. Table 2-19 give s some
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examples of digestates from the Demo plants with the respective recovery
rate for mass, and nitrogen to the ammonium sulphate solution.

NH 4* input concentration

N recovery using air stripping -scrubbing only becomes economically feasible
at input concentrations in the range of 400 -500 mg N/L (Vaneeckhaute
2015) .

When using inline N stripping , a balance has to be made: strip enough
nitrogen to prevent ammonia toxicity in the digester but prevent stripping

too much and having a larger acid consumption ( e.g. H2S04). Table 2-19
gives the obtained  recovery rate and products at Demo Plant Acqua e Sole.

pH, T, air flow

The efficiency of NH 3 stripping is governed mostly by pH and temperature and
air flow, where pH will have the largest influence (Barampouti et al. 2020;
Gugtin and -ldgar201i;Shikt al. 2018)

For optimal ammonia removal, the pH of the liquid fraction should be
around 10 -11 and the temperature around 70°C (Emerson et al. 1975;
Lemmens et al. 2020; Monfet, Aubry, and Ramirez 2018)

However, at théd amma@i@ nitrogen could be fully recovered
independently of pH  (Bonmati and Flotats 2002)

Increasing the temperature increases the NH 3 stripping performance . The
more NH3 is stripped out, the lower the effluent pH (Vaneeckhaute 2015)

Table 2-20 gives an overview of different operational conditions (pH,
temperature, flow rate) and the resulting recovery rates for N.

Addition of chemicals

The amount of alkali -caustic lime (Ca(OH) 2), sodium hydroxide (NaOH) ,
magnesium hydroxide (Ca(OH) 2) or lime ( CaO)- needed to increase the pH
towards 10 -11is determined by the buffer capacity of the digestate entering
the stripper.

The buffer capacity of the digestate at pH 8 is mainly due to the carbonate

alkalinity (i.e.ionsHCO  37)and H 2POs". The latter only contributes to a smaller
degree as the concentration of H 2PO4 is lower compared to HCO 37 (Errico et
al. 2018) .

NaOH consumption can be decreased or avoided by re moving a part of this
carbonate buffer by stripping CO 2 from the input, increasing the pH. This

will shift the NH 4*/NH 3 ratio towards strippable ammonia (Figure 2-11),
hereby increasing the N recovery efficiency.
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Table 2-19 Analyses on digestate

, AS and stripped digestate

from monitoring campaigns during the SYSTEMIC project at

DM = dry matter, OM = organic matter, Total N = total nitrogen, NH4

potassium, Total S = total sulphur, AS = ammonium sulphate solution

and related NH4-N recovery rate
Acqua e sole and Benas

of different parameters

-N = ammonium nitrogen, , Total P = total phosphorus, Total K = total

Mass pH DM OM Total N Recovery NHa-N Recovery Total P Total K Total S
rate N rate
(%) NH4 -N
(%)
Ton gkg* g kgt gkg? gkg* gkg* gkg* gkg*
day *
| tAs | 23 6.7 318 74 9 74 0.02 0.02 97.6

2 AS 2.4 6.0 363 74 9 74 0.011 0.012
3 AS 2.3 6.9 372 73 10 73 22 0.013 0.013 92
4 AS 7.2 351 76 8.7 73 0.0091 0.008 82
5 229.4 8.3 127 85 7.7 3.8 2.25 7.3 0.75
digestate
N 219 9.3 124.4 86 6.2 7 0.7 80 2.3 7.8 0.71
stripped
digestate
AS 11.1 7.7 250 0 53 33 53 67 60
6 8.5 119 82 8.2 4.5 1.8 7.1 1.2
digestate
N 9.9 126 86 5.8 1.8 1.9 7.7 1.3
stripped
digestate
AS 7.8 224 46 31 46 57 0.0033 58 0.0039
7 8 86 6.5 1.2 55 0.94
digestate
N 9.7 88 51 1.2 55
stripped
digestate
AS 7.8 45 0.000023 0.014
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1 Acquae Sole: 14.1 kt feedstock peryear: 92% Sewage sludge WWTP , 3% Digestate form anaerobic treatment of segregated solid food waste
(SSFW), 4% Liquid fraction of S SFW
(Brienza et al. 2018) sampling period 14 January i 8 April 2018 , average . Input of the stripper: 240 ton/day; H2S04 (50%) 5.4kg/ton input

2Acqua e Sole: 55kt feedstock peryear: 95% Sewage sludge WWTP , 3.5% Digestate form anaerobic treatment of segregated solid food waste
(SSFW), 1.5% Liquid fraction of S SFW
(Brienza et al. 2019)  sampling period January 2018 - March 2019, excluding August i December 2018 , average (n= 2) Input of the stripper: 240
ton/day; H2SO04 (50%) 8.7 kg/ton input

3 Acqua e Sole: 33.7 kt feedstock peryear: 90% Sewage sludge WWTP ,2.5% Digestate form anaerobic treatment of segregated solid food waste
(SSFW), 3% Liquid fraction of S SFW, 4.5% agro -food waste

(Brienza et al. 2020) sampling period January 2018 i July 2018 , average (n= 2) Input of the stripper: 240 ton/day; H2S04 (50%) 9.1 kg/ton input
4 Acqua e Sole: 69  kt feedstock peryear: 84% Sewage sludge WWTP , 4.6% Digestate form anaerobic treatment of segregated solid food waste
(SSFW), 11.3% agro  -food waste

(Brienza et al. 2020) sampling period January 201 9 i October 2019 , average (n= 27)

5Benas: 9.58 kt feedstock peryear: 35% Chicken manure ,30% Rye silage ,28% Corn silage , 4.6% Grain flour ,2.6% Grass silage
(Brienza et al. 2018) sampling period August 2017 , average (n=) FDG Gypsum: 19.2  kg/ton input

6 Benas: 28.2 kt feedstock peryear: 28% Chicken manure , 0.8% Goose manure, 62% Corn silage , 3% Corn grain, 5.3% Grass silage , 0.8% millet

(Brienza et al. 2020) sampling period January i April 2019 , average (n= 12) FDG Gypsum: 19.2  kg/ton input

7Benas: (Brienza et al. 2020) sampling period February -March 2020 , average (n= 3) FDG Gypsum: 1 9.2 kg/ton input
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Table 2-20 N recovery rates from literature and the systemic database
with the corresponding system operation conditions.

Input Temperature Air flow pH NH 3
recovery
rate (%)

(Laureni et raw 50°C lower air pH 8.5 80% and
al. 2013) digestate consumption and 9.5 95%
(Gugti n liquid 50°C elevated air pH 10.5 93%
Mar i n-g e fraction of consumption

Logar 2011) digestate

(Guo et al. digestate 8 80

2010)

(Guo et al. digestate 11 92%

2010)

(Bonmati digestate 80°C pH 9.5 87%

and Flotats

2002)

(David digestate 20°C 127 12.5 8071 90%

Fangueiro

etal. 2017)

(Hallbar digestate No alkali 40-50%

Consulting or

n.d.) stripping

towers

! database digestate 76+ 10%
1 SYSTEMIC d atabase (December 2020) :filteredon Type of input:fAdigestateo, en
Aflammoni um sul phatad t ssstripping esncor ubbi ngo
Temperature and pH not specified. Average SE +Stdev.P; NH4  -N(n= 4)
Usually the digestate alkalinity (4,000 -6,000mg L -1as CaCo 3) is sufficient
to satisfy the pH requirements by stripping out CO 2, without the use of
chemicals. In this case, it is interestin g to select a stripping process without

packing column in order to avoid CaCO 3 precipitation on the packing
(Vaneeckhaute 2015)

The pH increase configuration of the N stripping -scrubbing unit  (i.e.
chemical addition  or CO 2 stripping ) will also have an influence on the
investment and operational costs (see 2.2.2.5).
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The addit ion of acid  (H2SO4 or HNO 3) or gypsum as scrubber reagent
depends on the desired NH3 removal efficiency, i.e. the amount of
ammonia that needs to be scrubbed from the NH 3 stripping gas.

This is determined by ~ measuring indirectly the ammonia concentration

of the scrubber water or in the stripping gas by means of pH, density

and electrical conductivity

The Fibe rPlus system works with gypsum ( CaS04.2H20, ca. 172 g/kg)

as a scrubbing agent.  The g ypsum used for the process is a by -product

of Flue Gas Desulphurisation ( FGD) in coal power plants , and i s
certificated by the REACH regulation

Combination with other technologies ( Pre - and post -treatment

The most common design  of NH3 stripper/scrubbers are packed towers,
having a low surface footprint but in practice they are easily fouled when
input steam contains a lot of suspended solids or fibres . Total suspended
solid levels (TSS) >2 % must usually be removed using a soli d-liquid phase
separation unit prior to stripping to prevent a decreased stripping

performance . Nonetheless, it is unavoidable that the packing material will

have to be cleaned periodically (Vaneeckhaute 2015)

Alternative technologies have been developed to overcome this problem, by
removing the packing material and optimize a liquid diffuser system. These
systems would  be capable of handling  liquid flows containingupto8 -9 %
total suspended solids (TSS) , with out addition of any chemical s. However,
they require multiple vessels with diffuser systems in series to reach a
maximal ammonia mass transfer area (communication with technology
providers, 2020;  Barampouti et al. 2020)

Figure 2-14 Configuration of NH 3 stripping -scrubbing on manure or digestate
without packing tower. Source: AMFER , Colsen.
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