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ABSTRACT

All life forms require phosphorus (P), which has no substitute in food production. The risk of
phosphorus loss from soil and limited P rock reserves has led to the development of recycling P
from industrial residues. This study investigates the potential of phosphorus recovery from
sewage sludge and manure ash by thermochemical treatment (ASH DEC) in Finland. An ASH
DEC plant could receive 46 to 76 kt/a of sewage sludge ash to produce 51 to 85 kt/a of a P-rich
product with a P2Os content of 13% to 18%, while 320 to 750 kt/a of manure ash could be
supplied to produce 350 to 830 kt/a of a P-rich product with a P content of 4% to 5%. The P.Os
potential in the total P-rich product from the ASH DEC process using sewage sludge and manure
ash is estimated at 25 to 47 kt/a, which is significantly more than the P fertilizer demand in
Finland’s agricultural industries. The energy efficiency of integrated incineration and the ASH
DEC process is more dependent on the total solid content and subsequent need for mechanical
dewatering and thermal drying than on the energy required by the ASH DEC process. According
to the results of this study, treated sewage sludge and manure ash using the ASH DEC process
represent significant potential phosphorus sources for P fertilizer production.

Keywords: thermochemical process, ASH DEC, incineration, phosphorus recovery, sewage
sludge ash, manure ash
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1. Introduction

Phosphorus (P) is an essential element for all living organisms and has no replacement in food
production (Adam et al., 2012; Kahiluoto et al., 2013). Geological surveys currently estimate
that 7 billion tons of phosphate rock in the form of P2Os in known reserves could be
economically mined. Additionally, 80% to 90% of phosphate produced is used for fertilizers
(U.S. Geological Survey, 2010). Unfortunately, phosphate rock is a finite resource that takes
approximately 10 to 15 million years to form and could be depleted within one century (Gilber,
2009). Therefore, the recycling and conservation of P from P-rich residues, such as sewage

sludge and manure ash, is critical.

The potential and necessity for phosphate release and recovery from ash is being explored
because phosphate rock prices have risen, and the direct application of incinerated ash in
agriculture has been hindered due to high heavy metal contents (Anttila et al., 2008; Petzet and
Cornel, 2013).

Agricultural land use in Finland covers only 8% of the total land area, but the phosphorus losses
from agricultural process have reached approximately 60% (Vuorenmaa et al., 2002). Reducing
the use of and efficiently using P is essential for farmers competing in the agricultural market.
Phosphorus recovery from residues has received little attention in Finland to date. Sewage sludge
and manure ash could be used as fertilizers when heavy metal concentrations are reduced to
acceptable limits (Anttila et al., 2008; Kuligowski et al., 2008).

The most popular utilization method for manure is spreading on arable land (P6yry Environment,
2007), but dry manures could also be incinerated (Lundgren and Pettersson, 2009; Tyni et al.,
2010). The ash produced by incinerating manure could then be used as fertilizer to maintain P

levels in soil (Kuligowski et al., 2010).

Sewage sludge is also rich in nutrients (i.e., nitrogen and phosphorus) but contaminated with
heavy metals, poorly biodegradable trace organic compounds, and potentially pathogenic
organisms. According to Svanstrom et al., 2004, treatment methods include land application or

spreading, landfilling, anaerobic digestion and incineration. In most European countries,



landfilling of sludge has been banned in compliance with the EU Landfill Directive (99/31/EC);
thus, incineration has become a common treatment method and potential sink for phosphorus. In
Finland, nearly all sewage sludge is utilized in landscaping, and less than 3% was used as
fertilizer in agriculture during 2005-2007. The aim of the national waste management plan is that
100% of sludge will be used either as a soil amendment or as an energy carrier by 2016.
(Ministry of the Environment, 2012.)

Phosphorus can be recovered from ash by leaching with acidic (Petterson et al., 2008a, 2008b),
alkaline or sequentially with acidic and alkaline solutions (Petzet et al., 2012). Another
phosphorus recovery method is to remove heavy metals from the ashes using a thermochemical
process to produce a P-fertilizer raw material or a finished fertilizer (Adam et al., 2007; Adam et
al., 2009; Fraissler et al., 2009; Mattenberger et al., 2008; Vogel and Adam, 2011). Adam et al.
(2009) showed that ash from the mono incineration of sewage sludge had a high phosphorus
content (15-25% P»0Os). In addition, Vogel et al. (2010) reported that thermochemically treated
sewage sludge ash is a suitable raw material for the production of P fertilizers or multi-nutrient
fertilizers, such as PK or NPK fertilizers. According to Adam (2012), the ash from the co-
incineration of sewage sludge is primarily not suitable for phosphorus recovery, but manure ash
could be used as a supplementary feedstock in ASH DEC plants (Havukainen et al., 2012).

Thermochemical treatment for removing heavy metals has been used in many studies. Vogel et
al. 2010 used HCI to remove heavy metals from sewage sludge in thermochemical treatment.
Bioavailability of P was increased by adding MgCOs. Using gaseous chlorine donor has the
advance that there is no need to mix it with ash before treatment. Fraissler et al. (2009) used
CacCl; as Cl donor and found that Cd, Pb are easily volatile, Cu and Zn semi-volatile and Cr and
Ni low-volatile. They also concluded that material bed temperature of 900 °C might be too low
and using 1000 °C leads to better removal results. Mattenberger et al. (2008) used KCI and
MgCl> as additives and found that the additive selection, the amount of additive, treatment

temperature key factors in removing heavy metals.

The ASH DEC process is a thermochemical treatment method that produces renewable
phosphate, removes heavy metals and increases the bioavailability of nutrients contained in ash



(ASH DEC, 2009). Similar technologies include Leachphos and Mephrec processes. These three
technologies were compared in P-REX project funded by European Commission (P-REX 2009).
The ASH DEC utilizes thermal treatment a in rotary kiln, the Leachphos utilizes sequential
process including leaching and solid/liquid separation and the Mephrec includes briguetting
followed by treatment in Mephrec reactor. According to the P-REX project results, the Mephrec
and Leachphos consume electricity equal to 1.2 kWh/kg P recovered and 2.4 kWh/kg P
recovered, respectively. The ASH DEC process consumes electricity 1-1.2 kWh/kg P recovered
and natural gas 4.4-6.5 kWh/kg P recovered. Recovery rate of phosphrous was 98% for ASH
DEC which was higher than 70 % achieved using Leachphos, while there was no data available
from Mephrec process. The solubility of PNAC (P-solubility in neutral ammonium citrate) was
higher from Leachphos product (95%) compared to ASH DEC product (81%).

Several studies of thermochemical process have emphasized aspects of process engineering and
heavy metal removal efficiency (Mattenberger et al., 2008; Vogel and Adam, 2011; Petzet et al.,
2013), but only a few have considered the regional and global potential of phosphorus recovery
from ash. Thus, combining data about P recovery efficiencies and recovery potential will
holistically describe P recovery from alternative sources. The objective of this study is to
estimate the potential of phosphorus recovery from sewage sludge and manure ash by

thermochemical treatment in Finland utilizing selected ASH DEC technology.

2. Materials and methods

2.1. Biomass potential and properties

The total potential of sewage sludge and manure for incineration and ASH DEC treatment from
all 16 central regions for economic development, transport and the environment (ELY) in
Finland was investigated. The sources of sewage sludge investigated included municipal
wastewater treatment plants that process domestic waste waters as well as industrial effluent.
Data on the amounts of sewage sludge were taken from waste management center statistics and

previous studies (Table 1).

Preliminary analysis showed a limited mass flow of sewage sludge; the volume was not

sufficient for an ASH DEC treatment plant. Therefore, manure was included as an additional



feedstock; first, dry manure was considered because it does not need any dewatering, followed
by liquid manures. Sources of dry manure included dry cow, pig, and poultry manures and other
dry manures, which included 43% horse manure, 24% sheep and goat manures and 33% fur
animal manure, which included manure from female fur animals from regions with more than 5
fur farms (Profur, 2012; MMM-RMO C4; Viljavuuspalvelu). Sources of liquid manure include

liquid cow and pig manures.
The amounts of manure were calculated using information about the quantity of animals, manure
type and grazing periods. Additional information was reported by Havukainen et al. (2012).

Information about sewage sludge mass and the calculated manure mass are presented in Table 1.

Table 1. Obtained sewage sludge and calculated manure masses from ELY center regions in Finland.

Sewage Cow dry Cow liquid  Pig dry Pig liquid Poultry Other dry
Region sludge manure manure manure manure manure manure
(t/a) (t/a) (t/a) (t/a) (t/a) (t/a) (t/a)

Aland Islands 380001 120 000 85000 0 0 550 14 000
Southern Ostrobothnia | 37 000 3 470 000 310 000 130000 310000 77000 75000
Southern Savonia 16 000 * 230 000 160 000 2500 6 100 7300 21000
Héme 430003 290 000 210 000 45 000 110 000 5300 30 000
South Karelia 43000 ? 260 000 190 000 17 000 42 000 2800 25000
Kainuu 19000 % 190 000 140 000 0 0 460 5500
Central Finland 340006 300 000 210 000 6 300 15 000 2300 26 000
Lapland 730008 480 000 360 000 0 0 210 18 000
Pirkanmaa 69 000 ° 320 000 220 000 49 000 120 000 28 000 32 000
Ostrobothnia 330003 520 000 320 000 120000 290 000 24 000 150 000
North Karelia 150001 500000 360 000 2800 6 800 1400 16 000
Northern Ostrobothnia | 73 000 ° 700 000 500 000 22 000 55 000 620 45 000
Northern Savonia 570001° 780000 570 000 15 000 37000 950 24000
Satakunta 64 000 4 190 000 130 000 86 000 210 000 73000 18 000
Uusimaa 120000° 160 000 120 000 16 000 39 000 580 39 000
Finland Proper 68 000 ° 140 000 92 000 200000 490000 150000 35000
Total 800 000 5600000 4000000 710000 1700000 370000 580000

1. Avfallsstatistik, 2010; 2. EKJH, 2010; 3. Rytkénen, 2012; 4. Kahiluoto and Kuisma, 2010; 5. Turunen et al.,
2008; 6. Yli-Kauppila et al., 2009; 7. Rasi et al. 2010 8. Lapin ELY, 2011; 9. Lansi-Suomen Y mparistokeskus,
2009; 10. Pohjois-Karjalan Ympdristokeskus, 20009.

Information about biomass properties was collected primarily from the literature. The sewage

sludge total solid (TS) content in a given ELY center region was collected from the same sources




as the mass information in Table 1. The TS content of sewage sludge varied from 13% to 26%

with an average of 20%. Other biomass properties were obtained from the literature, and when

available, min and max values were used in calculations to reflect the variation of biomass

properties. The LHV on dry basis and other used values are presented in Table 2. In the

calculations the moisture content has been taken in to account and LHV on as received basis

have been used.

Table 2. Material properties of studied feedstock.

Min Max | Reference
LHVary (MJ/kg)
Sheep manure 149 | 14.9 | Phyllis 2. 2012, Miller & Miller 2007
Cattle solid manure 10.5 16.9 Phyllis 2. 2012, Miller & Miller 2007, Choi et al. 2014
Cattle liquid manure 10.5 16.9 Phyllis 2. 2012, Sweeten et al. 2003
Quiroga et al. 2010, Miller & Miller 2007, Zhu et al.
Poultry manure 12.1 13.9 2005
Horse manure 18.4 | 19.1 | Lundgren & Pettersson 2009, Edstrém et al. 2011
Pig solid manure 12.8 15.2 Thygesen & Johnsen 2012
Phyllis 2. 2012, Prapaspongsa et al. 2010, Choi et al.
Pig liquid manure 12.8 15.2 2014
Fur animal 13.0 15.2 | Assumed same as pig manure
Sewage sludge 15.3 20.7 Horttanainen et al. 2010, Anttila et al. 2008, Dogru et al.
2002, Murakami et al. 2009
TS (%)
Sheep manure 18.0 | 34.9 | Viljavuuspalvelu 2010, Kumar & Bharti edit. 2012,
Rasi et al. 2010, Luostarinen et al. 2011, Thygesen &
Cattle solid manure 19.0 | 25.0 | Johnsen 2012
Cattle liquid manure 5.5 11.0 | Viljavuuspalvelu 2010
Poultry manure 38.0 | 50.1 Rasi et al. 2010, Viljavuuspalvelu 2010, Zhu et al. 2005
Horse manure 32.0 32.9 Rasi et al. 2010, Viljavuuspalvelu 2010
Pig solid manure 25.0 | 54.9 | Viljavuuspalvelu 2010, Thygesen & Johnsen 2012
Pig liquid manure 3.5 8.0 Prapaspongsa et al. 2010, Viljavuuspalvelu 2010
Fur animal 38,5 | 38.5 | Viljavuuspalvelu 2010
Sewage sludge 13.0 26.0 References in Table 1.
ASH content (% TS)
Sheep manure 15.0 | 20.0 Kumar & Bharti edit. 2012, Miller & Miller 2007
Cattle solid manure 15.0 | 22.0 Kumar & Bharti edit. 2012, Rasi et al. 2010
Kumar & Bharti edit. 2012, Rasi et al. 2010, Thygesen &
Cattle liquid manure 15.0 | 32.0 | Johnsen 2012
Poultry manure 29.0 | 29.0 | Rasietal. 2010, Miller & Miller 2007, Zhu et al. 2005
Horse manure 40.0 | 40.0 | Rasietal. 2010
Pig solid manure 20.0 | 20.0 | Rasietal. 2010, Thygesen & Johnsen 2012
Pig liquid manure 15.0 | 27.0 | Rasietal. 2010, Prapaspongsa et al. 2010




Fur animal 50.0 | 50.0 | Wabio, Thygesen & Johnsen 2012
Sewage sludge 29.0 | 48.0 | Ritari 2014, Lehtinen & Urho 2012
Phosphate content (kg/trs as P20s)

Sheep manure 14.0 | 18.0 | Viljavuuspalvelu 2010

Cattle solid manure 14.0 18.0 | Viljavuuspalvelu 2010, Rasi et al. 2010
Cattle liquid manure 210 | 26.0 | Qrtenblad 2004

Poultry manure 37.0 | 69.0 | Viljavuuspalvelu 2010

Horse manure 18.0 | 37.0 | Viljavuuspalvelu 2010

Pig solid manure 27.0 | 37.0 | Viljavuuspalvelu 2010

Pig liquid manure 35.0 | 52.0 | Rasietal. 2010

Fur animal 95.0 164.0 | Viljavuuspalvelu 2010

Sewage sludge 57.0 | 66.0 | Rasietal. 2010, Lehto 2005

2.2. Dewatering, thermal drying, incineration and the ASH DEC process

This study was conducted to estimate the efficiency of phosphorus recovery from sewage sludge

and manure ash using a thermochemical method. In addition, the product yields and energy

balance were estimated. In this article ASH DEC process was selected as the thermochemical

treatment methods due available technical data. Similar to biomass properties, calculations used

min and max values. The ASH DEC process with the treatment steps for sewage sludge and

manure including incineration is presented in Figure 1.
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Figure 1. Biomass pretreatment, incineration and P recovery by ASH DEC process (ASH DEC, 2009).



A portion of the biomass was dewatered and thermally dried before incineration. The collected
sewage sludge and dry manure were assumed to be thermally dried before incineration. The pig
and cow liquid manure was assumed to be dewatered with decanting centrifugation (Mgller et
al., 2002) before thermal drying. The net heat consumption of the thermal drying processes was
240 kWh/twzo for the steam dryer (min value) and 669 kWh/tn2o for the disc dryer (max value).
Technologies for sewage sludge or manure mono-incineration included multiple heart furnaces,
fluidized bed incinerators (Anttila et al., 2008; Lapa et al., 2007), melting furnaces, rotary kilns
and cyclone furnaces (Werther and Ogada, 1999). The sewage sludge and manure were assumed
to be incinerated in a fluidized bed boiler with combined heat and electricity (CHP) production
(Horttanainen et al., 2010). The used min and max values for dewatering, thermal drying, and
incineration are presented in Table 3.

Table 3. Min and max values used for dewatering, drying, and incineration calculations (Horttanainen et al., 2010;
Myllymaa et al., 2008; Mgller et al., 2002).

‘ Min ‘ Max ‘ Unit
Dewatering
TS separation efficiency to solid fraction 33 62 %
P separation efficiency to solid fraction 60 66 %
Electricity consumption 4.3 6.0 | kWhit
TS 18 28 %
Thermal drying
Heat consumption 240 669 | kWh/tuzo
TS% 80 95 %
Incineration CHP efficiency
Electricity 6 15 %
Heat 72 74 %

The remaining bottom and fly ash after incineration were assumed to be directed to the ASH
DEC process. Information about the ASH DEC process was provided by Ludwig Hermann, who
is one of the developers of the ASH DEC process. The ASH DEC process includes mixing of the
ash and alkaline or chlorine donors and subsequent treatment in a rotary kiln for 20 minutes at
900-1050°C, during which heavy metals evaporate, and a P-rich product is obtained. The amount

of P-rich product was 1.1 t/t ash. Toxic substances are retained in the air pollution control system



in the form of mixed metal oxides. The air pollution control system is largely the same as in
sludge incineration. The system includes electrostatic filter precipitator and wet scrubber if
integrated with sludge incineration or dry baghouse filter if ASH DEC system is a standalone
plant. In a typical setup, the process requires 46 kg/tash NaCl, 39 kg/tash MgO and 49 kg/tash
NaHCOz as additives. The ASH DEC process consumes 118 kWh/tash electricity and 520
KWh/tash fuel (i.e., natural gas or biomass). If the ASH DEC process is integrated with
incineration, the fuel energy requirement reduces to 260 kWh/t ash. In Germany, industrial
manufacturing plants using the ASH DEC process start with a treatment capacity of 16 kt/a of
sewage sludge ash. The plant is located in South Germany near private sludge incineration and
biogas plant. Additionally, this process has been tested at a pilot plant in Leoben, Austria; the
plant treated up to 7 tons of ash per day (ASH DEC, 2009).

3. Results

3.1. Potential of sewage sludge for incineration and the ASH DEC process

In Finland, the annual amount of sewage sludge was approximately 800 kt/a (Table 1), which
equals 160 kt TS/a. The total amount of sewage sludge ash produced by incineration was
estimated to be 46-76 kt/a. The total potential of P-rich product from the ASH DEC process
using sewage sludge ash was 51-85 kt/a (Table 4), and the total phosphorus (P20s) mass
potential was 9.1-11 kt/a or 13-18% P20Os in the P-rich product. The results for the Uusimaa
region show the highest P-rich product potential of 9.8-16 kt/a, while Finland Proper, Lapland,
Pirkanmaa show moderate potentials (4.4-8.1 kt/a), and Kainuu, North Karelia and Southern

Savonia show the lowest potentials (0.93-1.8 kt/a).

Table 4. Potential of P-rich products and P,Os amounts using sewage sludge ash in the ASH DEC process

Region Thermal drying Incineration ASH DEC Phosphorus

Dry sludge (t/a) ash (t/a) P-rich product (t/a) | P.Os (t/a)

Low High Low High Low High Low High
Aland Islands 7200 8500 2000 3300 | 2200 3600 390 450
Southern Ostrobothnia | 7 000 8300 1900 3200 | 2200 3600 380 440
Southern Savonia 3600 4 300 990 1600 | 1100 1800 190 230
Hame 9900 12000 | 2700 4500 | 3000 5000 540 630
South Karelia 8 700 10000 | 2400 3900 | 2700 4 400 470 550
Kainuu 3000 3600 840 1400 | 930 1500 170 190
Central Finland 7100 8400 1900 3200 | 2200 3600 380 450



Lapland 15000 18000 | 4200 7000 | 4700 7 800 840 970
Pirkanmaa 16000 19000 | 4400 7200 | 4900 8100 870 1000
Ostrobothnia 5000 5900 1400 2300 | 1500 2500 270 310
North Karelia 3200 3700 870 1400 | 970 1600 170 200
Northern Ostrobothnia | 12000 14 000 | 3200 5400 | 3600 6 000 640 740
Northern Savonia 12000 14000 | 3300 5400 | 3700 6 100 650 750
Satakunta 12000 14000 | 3200 5300 | 3500 5900 630 730
Uusimaa 32000 38000 | 8800 15000 | 9800 16 000 | 1700 2000
Finland Proper 14000 17000 | 4000 6600 | 4400 7300 780 910
Total 170000 200000 | 46000 76000 | 51000 85000 | 9100 11 000

3.2. Potential of manure for incineration and ASH DEC

10

The potential mass of manure was estimated to be 13 million tons per year, which contains 1800-
2800 kt TS/a (Table 5). The total amount of manure ash was 320-750 kt/a, and the total potential

of P-rich product from the ASH DEC process using manure ash was 350-830 kt/a. The

phosphorus mass as P2Os in the total P-rich product was estimated as 16-36 kt/a, which indicated

P-Os content of 4-5%. The highest P-rich product potentials from manure ash were in
Ostrobothnia, Southern Ostrobothnia and Finland Proper (43-120 kt/a), while the Aland Islands

showed the lowest amounts (5-11 kt/a).

Table 5. Potential of P-rich products and P2Os amounts from utilizing manure ash in ASH DEC process.

Region Manure | Manure TS Incineration ASH DEC Phosphorus (P20s)
kt/a kt/a ash (kt/a) P-rich product (kt/a) | t/a t/a
low high | low high | low high low high
Aland Islands 220 30 44 4 10 |5 11 190 370
Southern Ostrobothnia | 1400 |200 320 | 39 9% | 43 110 2000 5000
Southern Savonia 420 61 86 10 20 |11 22 480 970
Hame 690 93 140 | 16 38 |18 42 800 1800
South Karelia 540 74 110 |12 27 |14 30 600 1300
Kainuu 340 46 66 6 14 |7 16 300 560
Central Finland 560 79 110 |12 26 | 14 29 600 1200
Lapland 860 120 170 | 16 36 |17 40 720 1 400
Pirkanmaa 780 110 170 |20 45 |22 49 990 2 200
Ostrobothnia 1400 |200 340 |39 110 | 43 120 1900 5400
North Karelia 890 120 170 |17 38 |19 42 800 1500
Northern Ostrobothnia | 1300 | 180 270 | 27 63 | 30 70 1300 2700
Northern Savonia 1400 |190 280 |28 63 |31 70 1300 2600
Satakunta 710 100 170 | 22 51 |25 56 1100 2800
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Uusimaa 380 55 79 10 21 |12 23 540 1100
Finland Proper 1100 |160 280 | 39 93 |43 100 2 000 5300
Total 13000 | 1800 2800 | 320 750 | 350 830 16 000 36 000

3.3. Potential of P-recovery from sewage sludge and manure ashes via thermochemical
treatment

Total amount of ashes from incinerating 800 kt/a sewage sludge and 7300 kt/a manure was
estimated to be 370-830 kt/a. Total P-rich product from the ASH DEC process using both
sewage sludge and manure ash varied from 400 kt/a to 920 kt/a, from which 9-13% was sewage
sludge. The total phosphorus mass potential as P2Os was found to be 25-47 kt/a. The sewage
sludge comprised only 10% of the total mass potential for incineration, but the share of P,Os
originating from the sewage sludge from the total P.Os potential was 23-36% due to the higher
ash and phosphorus content of sewage sludge compared to manure. The total P2Os potentials
from the regions in Finland are shown in Figure 2, where Finland Proper, Ostrobothnia and
Southern Osthrobothnia show the highest potentials of 2.2-6.2 kt/a, while Kainuu shows the
lowest (0.5-0.8 kt/a). Other regions show intermediate levels of P2Os (0.6-3.6 kt/a).

7 000

o 1 I
A
),

_—

: 4000 \ / \\ /
EN 3000
2000 / \ ==@==Total P205 low
=li—Total P205 high
1000 -
0

&> QO
N e & K T & R
O ©) CAN N QN AN N N O & O
& & R @@ K E @ P &
&L @ S @ & E & 7 VR
(4 O Q
SRS S & O O <8
& o\) C & ok
& o &
$ N
) )
Y <

Figure 2. Amount of P,Os that could be recovered from each region in Finland using the ASH DEC process.




12

3.4. Energy balance of P recovery process

Incineration could be used to treat waste to reduce its volume and hazardous characteristics by
destroying potentially harmful substances. In addition, incineration is a suitable process for
energy recovery from waste. Important aspects of incineration include the energy yield and
energy consumption of the drying process. The total sewage sludge fuel energy from all regions
was found to be 650-910 GWh/a (Table 6). The total net yields of electricity and heat from
incineration after the heat requirement of thermal drying were 39-130 GWh/a and 250-320
GWh/a, respectively. To treat the ash, the ASH DEC process required 5.4-9 GWh/a of electricity
and 12-40 GWh/a of fuel energy. The highest net electricity and heat potential was found in the
Uusimaa region with 7.4-25 GWh/a of electricity and 70-72 GWh/a of heat.

Using part of the dried sludge as a fuel in the ASH DEC process would reduce the amount of
fuel required by the process. This could be possible if the ASH DEC process was integrated into
an incineration plant. Additionally, hot ash could possibly be directed into the ASH DEC
process, which would reduce the fuel energy demand of the ASH DEC process by 50%. In this
case, the fuel energy for incineration would be 640-890 GWh/a, and the net electricity and heat
energies would be 33-120 GWh/a and 240-315 GWh/a, respectively, after subtracting the heat
demand of thermal drying and the electricity demand of the ASH DEC process.

Table 6. Fuel energy to sewage sludge incineration, produced net heat and electricity after thermal drying and ASH
DEC energy need.

Region Incineration (including drying) ASH DEC energy need

Fuel energy Net heat Net electricity Electricity Fuel energy

Low High Low High Low High Low High Low High

MWh/a MWh/a | MWh/a MWh/a | MWh/a MWh/a | MWh/a MWh/a | MWh/a MWh/a
Aland Islands 28000 39000 | 7900 13000 | 1700 5600 230 390 1000 1700
Southern Ostrobothnia | 27000 38000 | 8100 13000 | 1600 5500 230 380 1000 1700
Southern Savonia 14000 19000 | 6100 7 200 830 2800 120 190 510 850
Héme 39000 54000 | 18000 20000 | 2300 7800 320 540 1400 2400
South Karelia 34000 47000 | 12000 16000 | 2000 63800 280 470 1200 2100
Kainuu 12000 17000 | 1700 4900 710 2 400 99 160 440 720
Central Finland 27000 38000 | 10000 14000 | 1600 5600 230 380 1000 1700
Lapland 60000 83000 | 23000 30000 | 3600 12000 | 500 830 2200 3600
Pirkanmaa 62000 86000 | 28000 32000 | 3700 13000 | 520 860 2300 3800
Ostrobothnia 19000 27000 | 1400 7400 1200 3900 160 270 710 1200




13

North Karelia 12000 17000 | 4800 6 100 730 2500 100 170 450 750
Northern Ostrobothnia | 46000 64000 | 6500 19000 | 2700 9300 380 630 1700 2800
Northern Savonia 46000 65000 | 18000 23000 | 2800 9400 390 640 1700 2800
Satakunta 45000 63000 | 11000 20000 | 2700 9100 380 620 1700 2700
Uusimaa 120000 170000 | 70000 72000 | 7400 25000 | 1000 1700 | 4600 7600
Finland Proper 56000 78000 | 22000 28000 | 3300 11000 | 470 770 2100 3400
Total 650000 910000 | 250000 320000 | 39000 130000 | 5400 9000 | 24000 40000

Liquid manure was assumed to be incinerated after dewatering and thermal drying. Dry manure
was assumed to be thermally dried before incineration. The electricity required for dewatering
and the heat required for thermal drying of liquids were subtracted from the produced electricity
and heat energy obtained from CHP. The total electricity required for dewatering liquid pig and
cow manures was assumed to be 25-34 GWh/a, and the net heat need for thermal drying was
assumed to be 1400-3900 GWh/a. A significant share of the produced heat from incinerating
manure was found to be required for thermal drying (39-49%). The highest net heat potential
from incineration was found in Southern Ostrobothnia and Ostrobothnia (260-500 GWh/a), while
the highest net electricity potential was found in Ostrobothnia and Northern Savonia (26-140
GWh/a).

Table 7. Fuel energy for manure incineration, produced net heat and electricity after thermal drying and ASD DEC
energy need.

Region Incineration (including dewatering and drying) | ASH DEC energy need

Fuel energy Net heat Net electricity Electricity Fuel energy

Low High Low High Low High Low High Low High

GWh/a GWh/a | GWh/a GWh/a | GWh/a GWh/a | GWh/a GWh/a | GWh/a GWh/a
Aland Islands 78 190 30 63 43 24 0.50 1.1 2.2 5.0
Southern Ostrobothnia | 550 1200 | 260 480 30 130 46 11 20 50
Southern Savonia 160 360 69 120 9.2 45 1.2 24 5.1 10
Hame 250 550 110 200 14 62 1.9 45 8.4 20
South Karelia 200 440 85 150 11 52 14 32 6.3 14
Kainuu 110 280 44 91 6.3 35 0.75 1.7 33 7
Central Finland 210 470 87 160 12 58 15 3.1 6.4 14
Lapland 290 700 110 230 16 90 18 42 8.1 19
Pirkanmaa 300 650 140 240 17 75 23 5.3 10 23
Ostrobothnia 570 1200 | 260 500 32 130 46 13 20 57
North Karelia 300 730 120 240 17 92 2.0 45 8.9 20
Northern Ostrobothnia | 460 1100 | 180 370 25 130 3.1 75 14 33
Northern Savonia 490 1200 | 190 380 26 140 33 74 14 33
Satakunta 300 600 150 260 16 65 2.6 6 12 26
Uusimaa 160 320 75 110 9 36 1.2 25 5.4 11
Finland Proper 490 950 260 450 27 93 46 11 20 48
Total 4900 11000 | 2200 4100 | 270 1300 | 37 88 170 390
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4. Discussion

Because phosphorus sources are becoming scarce, the removal of phosphorus from ash is
appealing. Sewage sludge and manure could be incinerated, and the resulting ash could then be
used to recover P-rich products using the ASH DEC process. However, the mono-incineration of
manure could be economically difficult to implement because the incineration of manure is
considered to be waste incineration in Finland. Getting a permit for waste incineration is
difficult, and small-scale waste incineration is expensive. Therefore, the co-incineration of
sewage sludge and manure could result in increasing available feedstock within a given region
and making incineration with the ASH DEC process a viable option. Havukainen et al. (2012)
reported that manure could become an additional feedstock in regions with a high density of

animal husbandry where the land area might not be sufficient for manure spreading.

The total ash potential from incinerating sewage sludge and manure was estimated to be 46-76
kt/a and 320-750 kt/a, respectively. P-rich products from manure ash typically have lower P20s
contents (4-5%) compared to sewage sludge ash (13-18%) but have a larger potential of P-rich
product (350-830 kt/a) compared to sewage sludge (51-85 kt/a). In Finland, Uusimaa has an ash
potential of 9-15 kt/a, but other regions have only 0.9-7 kt/a. Thus, to obtain sufficient ash mass
for an ASH DEC plant in Finland, sewage sludge ash would need to be transported from several
regions to the ASH DEC plant or ash from manure incineration would need to be used with
sewage sludge ash.

The P fertilizer potential from sewage sludge and manure ash was found to be substantial at the
national level in Finland. P fertilizer demand in Finland was 26 kt in 2012 (Tike, 2013), and the
potential of P2Os in P-rich products was found to be 9-11 kt/a from sewage sludge alone and 25-
47 kt/a from both sewage sludge and manure. The P2Os content of P-rich products from sewage
sludge ash was approximately 13-18%, which was comparable to conventional P fertilizers, such
as single-superphosphate (SSP, 18% P»0s), and multi-nutrient fertilizers, such as PK and NPK
fertilizers (9-12 % P2Os, Adam et al., 2008). SSP sold by the Yara fertilizer company is currently
called a “phosphorus nutrient” that contains 9% phosphorus and costs 580 €/t (Yara, 2012; Yl&-
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Uotila, 2012). Additionally, recycled P-rich products have been marketed as a high quality PK
12-20 fertilizer with potassium and an NPK 20-8-8 fertilizer, both of which are fully licensed
fertilizers since March 2006 in Austria and since 2008 in Germany; both products were sold at
prices comparable to commercial fertilizers (ASH DEC, 2009). Hence, treated sewage sludge
and manure ash show promising potentials as P-rich resources for fertilizer production. The
heavy metal concentration in the ASH DEC product was examined in the P-REX project (P-REX
2015) and are mainly below the limits set for fertilizer products from sewage sludge in Finland
(Ministry of Agriculture and Forestry 2001), Table 8. The limit of Cu and Zn are exceeded but
exceptions may be made according to legislation if there is a lack of copper or zinc in soil. The
composition of sewage sludge varies depending on source and therefore also concentrations of

heavy metals which will affect the treatment and concentrations in product.

Table 8. Heavy metal concentration in ASH DEC product (P-REX 2015) and limits in Finland

for heavy metals in fertilizer products (Ministry of Agriculture and Forestry 2001).

ASH DEC

product Limit

mg/kg mg/kg
As 3.6 25
Cd 0.3 1.5
Cr 127 300
Cu 601 600*
Hg 0.3 1
Ni 56.4 100
Pb 60.1 100
Zn 1710 1500*

* The limits of Cu and Zn can be exceeded if there is lack of Cu and Zn in the soil.

One of the primary consumers of energy during the P recovery process is the thermal drying of
waste before incineration when utilizing wet feedstocks. Using efficient heat exchangers and
drying processes, the net heat consumption of thermal drying can be reduced. The efficiency of
incineration ([net heat + net electric]/fuel energy) of sewage sludge and manure is typically 78-
85% without considering dewatering and drying energy use; when considering dewatering and
drying, the efficiency drops to 44% when using max values in calculations and 56% when using

min values in calculations. For manure, similar calculations result in efficiencies of 49% and
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50%, respectively. Manure dewatering requires 3-8% of the produced electricity, and drying
requires 39-49% of the produced heat from incineration. In the case of sewage sludge, drying
requires 31-63% of the produced heat. The ASH DEC plant energy requirement is similar in both
utilizing manure and sewage sludge with electricity demand of 14% in relation to the produced
electricity when using min values and 7 % when using max values. The fuel demand of ASH
DEC plant is approximately 4% in relation to the fuel energy of sewage sludge or manure
directed to incineration. The fuel consumption of the ASH DEC plant itself can be reduced when
it is integrated into the incineration plant because the hot ash requires less energy to be heated.

The logistic aspects are important in building a system of incineration and ash treatment by ASH
DEC plant. The incineration of sewage sludge as well as manure require large enough mass for
securing feasible operation. In Finland this could mean that transport of masses to the
incineration plant would be needed. Therefore it might be feasible to add, in addition to
dewatering, also thermal drying before transporting the masses. However, there are limits as to
how long the transport distances can be and one critical factor affecting economically feasible
transport distance is the end product prize. In case there is a possibility to build several
incineration plants in a region, the ASH DEC plant could be located close to the largest
incineration plant minimizing transportation of the ashes. Incorporation of the ASH DEC plant
into the incineration plant reduces costs for peripheral and ancillary equipment because the same
infrastructure can be used. The co-incineration of sewage sludge and manure could allow
sufficient mass flow for economically viable facilities compared to the combustion of a single

waste fraction.

The manure utilization in Finland means to date mainly spreading it to arable land and thereby
benefiting from the nutrients included in manure. However, there is increasing demand for
expanding energy production from manures by increasing the amount of biogas production. The
digestate including the nutrients can then be directed to arable land. In places where the field
application of digestate is not suitable, the digestate could be dewatered and dried by using heat
coming from biogas plant. Also incineration of dry manures such as horse manure is facilitated

in Finland in an attempt to increase the amount of energy production from manures.
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The ASH DEC process and similar processes are more suitable for treating the sewage sludge
ash since they might include heavy metals. These processes were in the first place developed to
remove heavy metals from ashes and increase the usability of nutrients for plants. This study was
made to investigate the needed material flows for system including incineration and phosphorus
recovery from ashes. One problem with utilizing manure in this way is the low obtainable gate
fee for incineration since the manure spreading on arable land is relatively cheap utilization
method. The calculations on manure ash potential for ASH DEC plant can be seen as quite
hypothetical. The ASH DEC and similar technologies are more clearly suitable for regions where
the sewage sludge amounts are larger and where there is a clear risk of heavy metal

contamination.

5. Conclusions

The risk of phosphorus loss from soil and limited phosphate rock reserves are the primary
reasons for developing more efficient P recycling from sewage sludge and manure ash. The
results of this study show that the treatment of sewage sludge and manure ash by
thermochemical treatment represents a relevant phosphorus source that is a suitable secondary
raw material for P fertilizer production. The potential of sewage sludge ash for an ASH DEC
plant was found to be 46-76 kt/a in Finland, which could be used to produce 51-85 kt/a P-rich
product with a P2Os content of 13-18%. In addition, manure ash potential was found to be 320-
750 kt/a, from which 350-830 kt/a of P-rich product with a P2Os content of 4-5% could be
produced. Phosphorus potential as P2Os in the total P-rich product from ASD DEC process using
sewage sludge and manure ash was estimated to be 25-47 kt/a, which, if produced, would surpass
the demand for phosphorus in agriculture in Finland. In general, the co-incineration of both
sewage sludge and manure could result in economically viable plants that produce the amount of
ash required for an ASH DEC plant. The energy efficiency of the incineration and the ASH DEC
process was found to be significantly more depending on TS content and thus mechanical
dewatering and thermal drying than on the energy required by the ASH DEC process. Because
the material can be considered to be relatively reliable, and the chosen calculation methodology

has been shown to be valid, recovering phosphorus by the ASH DEC process could be an
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effective way to recover phosphorus from incinerated ash. The technology can be seen more
feasible in regions where the sewage sludge amounts are larger than in Finland and where there
is a risk for heavy metal contamination. It should be borne in mind that ASH DEC is just one
example of thermochemical treatment process which can be used to increase phosphorous
recovery from ashes. It is clear, that the phosphorus recovery is important topic in Europe which
is heavily dependent on phosphorus import and has a lack of control over phosphorus emissions
from diffuse sources and therefore aspects are considered both in Roadmap for Resource
Efficiency in Europe and European Commission communication on sustainable phosphorous

use.
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