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Abstract 

Pyrolyzing biosolids can decrease volume and increase value of solids while anaerobic digestion of gas and liquids 

from the process could increase overall methane production. Prediction of process behavior and biogas yield 

through simulation is valuable when considering new substrates for anaerobic digestion. In this study, gas and 

liquids from biosolids pyrolysis were implemented in Anaerobic Digestion Model No 1 (ADM1) together with a 

stream of thermally hydrolyzed sludge/food waste used in an industrial biogas plant. Average operational data 

from the industrial plant was used to calibrate the base scenario in ADM1, achieving a good fit.  Simulation 

scenarios evaluating two hydrolysis constants for the pyrolysis liquid showed minor differences at the load 

simulated and simulated variations in composition of the liquid showed minor differences. Simulation of adding 

a relevant stream of pyrolysis liquid and gas together increased methane production by 7 % but decreased overall 

methane yield from 63 % to 61 % compared to the base scenario. 

 

1. Introduction 

Pyrolysis is a thermochemical process that converts 

dry biomass into gas, solids, and liquids at high 

temperatures without oxygen. The process can yield 

value added products such as biochar, pyrolysis gas, 

and condensable liquids. Biochar offers carbon and 

nutrient capture (Lehmann et al., 2021) and 

pyrolysis gas and condensable liquids are energy 

carriers or chemicals precursors (Jahangiri et al., 

2021). Anaerobic digestion (AD) is a biochemical 

process where microorganisms decompose wet 

biomass in the absence of oxygen, to simple 

chemicals such as acetate, H2, and CO2. These 

simple chemicals are then converted to methane by 

methanogens. The resulting mix of methane and 

CO2 is called biogas. The residual biomass, 

digestate, is normally dewatered to reduce volume 

and is then called biosolids. Biogas can be used to 

produce heat and electricity or be upgraded to 

biomethane for use as a fuel similar to fossil 

(“natural”) gas. Biosolids can normally be applied to 

land as a fertilizer, but if sewage sludge is the source, 

there are many limitations to its use making its 

disposal a large cost for AD plants. 

Pyrolysis gas contains varying amounts of H2, CO2, 

CO, CH4, and other C2+ gases, and has been 

successfully converted to biogas via anaerobic 

digestion (Luo and Angelidaki, 2012; Luo et al., 

2013; Li et al., 2020; Torri et al., 2020). AD of 

pyrolysis liquids from various feedstocks has also 

been studied (Seyedi et al., 2020; Ghimire et al.,  

2021). Successful co-digestion of liquid and gaseous 

pyrolysis products in an industrial process might 

increase biogas production from initial feedstock, 

but it might also upset process behavior. Prediction 

through simulation is valuable when considering 

new AD substrates or new process conditions. The 

Anaerobic digestion model No. 1 (ADM1) was 

developed by the International Water Association to 

predict AD process behavior by many substrates and 

conditions (Batstone et al., 2002). However, 

simulations using the standard ADM1 cannot predict 

process behavior for AD of unusual substrates such 

as pyrolysis gas and liquids and needs modification 

when implementing such substrates. 

Currently, some works have focused on 

implementing mixtures of CO, H2, and CO2 (syngas) 

into ADM1, providing explanations of the model 

and necessary extensions (Shah et al., 2017; Sun et 

al., 2021). Simulation of combined pyrolysis liquid 

and gas has not been explored in the literature, and 

in the few experimental works on AD of real 

pyrolysis gas, it has been cleaned and condensed 

first (Giwa et al., 2019; Torri et al., 2020). The 

authors have argued that the liquid may be inhibitory 

and have either disposed of or digested it in a 

separate reactor from the gas. Possible inhibition 

from pyrolysis liquid from lignocellulosic materials 

implemented in ADM1 was presented at 

EUROSIMS 2021 (Raya et al., 2021), while Seyedi 

(2020) experimented with several methods to 

decrease AD toxicity from biosolids pyrolysis 

liquid. Results from Seyedi (2020) were not 

implemented in any AD model, but the data showed 

most success in reducing toxicity from biosolids 

pyrolysis liquid when using acclimated inoculum 
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and a low loading rate (0.03 gCOD L-1d-1) with 

correspondingly long solids retention time. 

Pyrolysis liquid from biosolids have different 

properties compared to liquid from lignocellulosic 

materials, such as much higher total ammonia 

nitrogen (TAN) content (Seyedi et al., 2019). In 

ADM1, inhibition from NH3 on acetate degrading 

organisms is modelled using a non-competitive 

reversible inhibition term (Eq. 1) (Batstone et al., 

2002). 

𝐼 =
1

1 + 𝑆1/𝐾1

(1) 

Where the total inhibition, I, is calculated using the 

inhibitor concentration S1 (NH3, M) and the 

inhibition parameter K1, set to 0.0018 M as the 

inhibitory free ammonia concentration. The higher 

the inhibitor concentration S1 goes, the lower the 

total inhibition value, I, gets, corresponding to more 

inhibition. A lower loading rate, such as suggested 

by Seyedi (2020) would reduce inhibitor 

concentration and reduce total inhibition (increase 

I). Simulations of co-digestion with high TAN 

pyrolysis liquid in an industrial process can give 

indications of tolerance limits for the microbial 

processes. Simulating at industrially relevant 

loading rates and co-digestion ratios gives rapid 

results on whether the process and loading are 

hypothetically viable in an industrial setting. 

 

1.1. Goal and scope 

Through this study, we aim to implement gas and 

liquid from biosolids pyrolysis in ADM1 and 

simulate anaerobic co-digestion of pyrolysis 

products using industrially relevant ratios of 

pyrolysis products to main substrate. 

The study includes the following: a base scenario 

simulating and calibrating an industrial AD process 

using operational and laboratory data, an 

implementation of pyrolysis liquid using a 

combination of laboratory and literature based 

compositional data, an evaluation of hydrolysis 

constant for the implemented pyrolysis liquid, a 

comparison of effect of pyrolysis liquid composition 

on simulation results, and a combination scenario 

including pyrolysis liquid and gas. 

We do not address additional inhibition from 

pyrolysis liquid products, as we hypothesize that our 

loading rate is sufficiently low and diluted by the 

main substrate, and that the high total ammonium 

nitrogen concentration will make inhibition by 

ammonia more important than other potential 

inhibitors. 

 

2. Methodology  

Samples of the main substrate, hydrolyzed sludge 

(HS), digestate, and pyrolysis products were 

collected and analyzed for relevant compositional 

data to implement in ADM1. ADM1 extended with 

syngas addition from Shah et al. (2017) was used as 

a basis and extended with an extra product stream of 

pyrolysis liquid with separate hydrolysis constant. 

 

2.1. Materials 

Main substrate and digestate was sampled from a 

mesophilic sewage sludge/food waste continuously 

fed stirred tank (CSTR) industrial AD plant. At this 

plant, a thermal hydrolysis process (THP) at 160°C 

is used to pre-treat and sterilize the substrate. HS for 

analysis was sampled after the THP, prior to 

entering the AD bioreactors. 

Pyrolysis liquid was provided by Scanship AS and 

produced from pyrolysis at 600°C of dried and 

pelletized biosolids from AD at the same plant, 

using the Biogreen® technology. Pyrolysis gas was 

condensed down to 5-8°C and the condensate, 

pyrolysis liquid (PL), was collected. The PL was a 

heterogeneous liquid: an emulsion of unevenly 

distributed organic phases in an aqueous phase. It 

was not possible to separate the liquid into an 

organic and an aqueous phase by gravity. 

 

2.2. Analytical methods 

Main substrate and digestate was analyzed for 

Chemical Oxygen Demand (total and soluble: tCOD 

and sCOD), total ammonium nitrogen (TAN), pH 

and volatile fatty acids (VFAs: acetic acid, propionic 

acid, butyric acid, iso-butyric acid, valeric acid, iso-

valeric acid, caprioic acid, iso-caprioic acid and 

heptanoic acid), previously described (Bergland et 

al. 2015).  

Dried samples of substrate and digestate were 

analysed for Total Kjeldahl Nitrogen (TKN) to 

estimate protein content, crude fat (EC, 2009) to 

estimate lipids content, and water soluble 

carbohydrates (Randby et al., 2010) to estimate 

sugars. 

Pyrolysis liquid was analysed for TAN, pH, VFAs, 

and total acid capacity (Supelco test kit no. 101758, 

for an indication of inorganic carbon) in addition to 

elemental analysis (ASTM D1552-16, 2021; ASTM 

D5291-21, 2021). 

Pyrolysis gas was sampled in a gas bag during 

pyrolysis and composition was analysed using gas 

chromatography with two detectors: Pulsed 

Discharge Helium Ionisation Detector (PDHID, 

VIDI) and Thermal Conductivity Detector (TCD, 

Agilent). Helium was used as carrier gas and two 

different columns were used (Restek MXT Molsieve 

5Å,30 m, and Varian Poraplot Q, 25 m). 

 

2.3. Modelling and Simulation 

A full-scale AD bioreactor was simulated (base 

scenario) using ADM1 in AquaSim Version 2.1f. 

Relevant biogas production data was obtained from 

biogas plant operators and used as input data for the 

model. Known compositional data from the 

pyrolysis products PL and pyrolysis gas was then 

added, using relevant pyrolysis yields obtained from 
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pyrolysis operators. Simulation of PL evaluates 

hydrolysis rate and PL composition. Simulation of 

pyrolysis gas addition does not include the process 

of diffusion solubilizing the gas into the bioreactor 

volume and assumes the whole syngas volume flow 

is available for the microorganisms. Operational 

data to compare with simulation results was only 

available for the base scenario. 

 

2.3.1. Base scenario 

The base scenario was calibrated against average 

operational data (Tab. 1) from an ongoing industrial 

biogas plant running on thermally hydrolyzed 

sludge/food waste. 

 
Table 1: Average production data from industrial AD 

plant, used for calibrating the base scenario. HS = 

hydrolyzed sludge, HRT = hydraulic retention time. 

Production data Unit Average value 

HSload m3 d-1 183 

Volumebioreactor m3 3500 

HRT d 19.1 

Productionbiogas Nm3 d-1 8374 

%vol CH4 %vol 63.0 

tCODdigestate kg m-3 54.0 

sCODdigestate kg m-3 5.30 

pHdigestate  7.87 

TANdigestate kmol N m-3 0.104 

Compositional results of the dry substrate for 

protein, lipids and sugar were adjusted to 9 % Total 

Solids (TS, typical value for the AD plant), while 

measured VFAs were input additionally, assuming 

these had been lost during drying while measuring 

TS. Complex VFAs (caprioic acid, iso-caprioic acid 

and heptanoic acid), not included in the model, were 

input as sugars. Amount of inerts were estimated 

from operational data. Lipids were estimated based 

on crude fat results, while proteins were estimated 

based on TKN results after subtracting TAN values. 

Carbohydrates were estimated as the difference 

needed to make up measured tCOD. Tab. 2 lists the 

inputs used for the simulation. 

 
Table 2: Input compositional concentrations for base 

scenario. COD values add up to a total COD of 130 kg 

m-3. Soluble input values for amino acids, inerts, and 

long chain fatty acids are not listed. 

Input data Unit Value 

Lipids kg COD m-3 36.7 

Carbohydrates kg COD m-3 53.4 

Protein kg COD m-3 11.7 

Sugar kg COD m-3 0.223 

Acetic acid kg COD m-3 1.84 

Propionic acid kg COD m-3 0.686 

Butyric acid kg COD m-3 0.806 

Valeric acid kg COD m-3 0.491 

Total inert kg COD m-3 23.4 

Inorganic nitrogen kmol N m-3 0.0976 

Inorganic carbon kmol HCO3
- m-3 0.0800 

Measured total COD at 9 % TS was 130 kg m-3, 

while soluble COD was 21.8 kg m-3. Soluble amino 

acids were set to 7.2 % of protein COD, as the 

average solubilization from two sludges treated with 

thermal hydrolysis in Chen et al. (2019). Soluble 

inerts were set to 8.9 % of inerts based on 

operational data. Soluble long chain fatty acids were 

used to make up measured sCOD difference. 

Inorganic carbon is not known but is assumed based 

on biogas composition operational data (63% 

methane, Tab. 1). Additional ions may be present, 

used in pH simulation, requiring adjustment of the 

ion balance. The base scenario has a relatively high 

pH (7.87, Tab. 1), so an adjustment term was added 

to the cations (0.35 M) to reach the target. 

 

2.3.2. Pyrolysis liquid input 

Due to the emulsified nature of the PL, only water-

soluble COD could be tested with good accuracy. 

Because of this, the total COD of PL was 

represented by theoretical oxygen demand, 

calculated based on elemental composition (OECD, 

1992). 

PL was added to ADM1 as an additional substrate 

load, without changing volume load from HS or total 

volume of reactor, thus reducing the overall 

hydraulic retention time (HRT). 

The PL load (Tab. 3) was based on the pyrolysis 

mass yield when pyrolyzing biosolids from the same 

AD process, assuming all PL goes back into the 

process. Fig. 1 outlines the mass load estimation for 

PL and pyrolysis gas. In our case, residual mass in 

digestate is dewatered and dried to 86 % TS, 

pyrolyzed, yielding 50 % mass pyrolysis gases and 

liquids, divided between 33 % mass liquids (4 t) and 

17 % mass gases (2 t). 

 

 
Figure 1: Simplified mass balance of industrial anaerobic 

digestion (AD) with pyrolysis of biosolids. DW = 

dewatering. 

The biomethane potential (BMP) of the PL is 

unknown, and to simulate PL digestion the amount 

     2 t               4 t 
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of inert must be estimated. Seyedi et al. (2019) tested 

the BMP of pyrolysis liquid produced from 

biosolids, spiked with acetate. They found that 

methane production was highly affected by the 

organic load of PL. To estimate the concentration of 

inerts in our PL, a linear curve was fitted to methane 

% yield data estimated from the three lowest COD 

loadings from Seyedi et al. (2019) adjusted for the 

control (Fig. 2). The two lowest loadings gave 

relatively high methane yield (%), while the third 

lowest, 0.6 g COD L-1, resulted in less methane 

production than the control and was adjusted to 0 

when fitting a linear model. The linear model gave a 

methane yield of 40 % based on our calculated 

loading of 0.41 g COD L-1 (Fig. 2, X), corresponding 

to 60 % inert. 

Figure 2: Methane yield of pyrolysis liquid from 

biosolids pyrolysis based on COD loading. Adjusted for 

control sample, based on data from (Seyedi et al., 2019). 

Blue dots show all COD loadings tested by Seyedi et al. 

(2019), some have a negative yield because they 

produced less than the control sample. Red dots show the 

two loadings with a positive yield and the first negative 

yield adjusted to 0. The black X shows the calculated 

value for our data. 

 

Compositional data was not available for PL, but 

analyses of the digestate gave an indication of 

protein and lipid content going into the pyrolysis. 

As a simplification and approximation of PL 

composition, the mass yield of compounds relevant 

for AD (Tab. 4) were used to adjust the protein and 

lipid content in the digestate to input values for 

protein and lipids from PL (Wang et al., 2017). 

To account for the uncertainties concerning the 

composition of PL, an additional three 

compositional variations were simulated (Tab. 5). 

For all scenarios PL inorganic nitrogen and 

inorganic carbon was set to the measured TAN and 

total acid capacity values, 1.085 mol/L for IN and 

0.700 mol/L for IC. Soluble inerts were used to add 

up the sCOD and are added together with particulate 

inerts in Tab. 5. 
 

Table 3: Load data when adding pyrolysis liquid (PL) to 

the base scenario. HRT = hydraulic retention time. 

Production data Unit Value 

PLload m3 d-1 4.08 

Total load(HS+PL) m3 d-1 187 

Volumebioreactor m3 3500 

HRT d 18.7 

tCODPL kg m-3 352 

sCODPL kg m-3 194 

LoadtCOD_PL kg d-1 1440 

LoadtCOD_(HS+PL) kg d-1 25200 

HSloading rate kg COD m-3 d-1 6.80 

PLloading rate kg COD m-3 d-1 0.410 

(HS+PL)loading rate kg COD m-3 d-1 7.21 

 
Table 4: Mass yields (%) of relevant compounds for AD, 

from liquid from pyrolysis of proteins and lipids 

extracted from a microalga. From Wang et al. (2017). 

Compounds type Protein Lipid 

Amines and Amides (<C8) 1.94 0.43 

Carboxylic acids 0.45 44.46 

Ketones and Aldehydes (<C8) 4.82 0.53 

Alcohols (<C8) 0 2.23 

Alcohols (>C8) 0 0.36 

Phenols 2.87 0 

Esters 8.19 15.25 

Ethers 1.92 0.12 

Total 20.19 63.38 

 
2.3.3. Hydrolysis constants 

In the original ADM1, Batstone et al. (2002) used a 

complex particulates variable as a general variable 

for particulates in a substrate. 

 

Table 5: Input compositional data for four scenarios with additional pyrolysis liquid. All units are concentration, kg COD m-

3. COD values add up to a total COD of 352 kg m-3.  

Input data PLmost relevant PLlipids=carbs PLlow protein PLhigh protein 

Lipids 37.4 23.5 41.2 21.6 

Carbohydrates 9.53 23.5 9.53 9.53 

Protein 7.66 7.66 3.83 23.5 

Sugar 18.1 18.1 18.1 18.1 

Acetic acid 40.6 40.6 40.6 40.6 

Propionic acid 9.45 9.45 9.45 9.45 

Butyric acid 10.3 10.3 10.3 10.3 

Valeric acid 8.23 8.23 8.23 8.23 

Inert 111 111 111 111 

y = -1.6307x + 1.0707

R² = 0.8571
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A disintegration process was the rate limiting step 

for this variable. The variable was especially 

designed for complex sludge such as waste activated 

sludge and for microbial biomass and uses a 

disintegration constant of 0.5 d-1 as standard.  

However, this input decomposes into 30 % each of 

lipids, carbohydrates, protein and 10 % inert. Our 

substrates have more accurate compositional data to 

input directly, making the hydrolysis process the rate 

limiting step. The standard hydrolysis constant, khyd, 

in the original ADM1 is 10 d-1, which is a very high 

value meaning that the hydrolysis step goes very 

quickly and is not rate limiting. 

Koch and Drewes (2014) compared two common 

methods of fitting biomethane potential (BMP)-

curves to estimate the hydrolysis constant and 

derived an alternative approach where the only input 

necessary is the time, t, it takes for the daily methane 

production to drop to <1 % of accumulated value, 

and keep this low production for at least three days, 

according to the German Guideline VDI 4630 (VDI 

4630, 2016). The alternative calculation of khyd 

based on BMP-time, t, is shown as Eq. 2 below: 

𝑘ℎ𝑦𝑑 =  
𝑡 − 100

𝑡 − 𝑡2
(2) 

Raya (2021) tested a sample of the main substrate 

inoculated with its digestate and got a clear end of 

the experiment by day 10. Substituting t with     days 

gives khyd = 1 d-1 for the main substrate, double of 

the original disintegration constant. This seems like 

a probable value for thermally hydrolyzed sludge, 

which normally is digested faster than untreated 

sludge. 

When evaluating hydrolysis constant for the 

pyrolysis liquid (PL), the data, however, is not clear. 

The BMP tests performed by Seyedi et al. (2019) 

drops to <1 % daily production after 17 days, but the 

production goes higher again some days later, the 

latest being 30 days when no daily production higher 

than 1% is seen. This corresponds to khyd values of 

0.3 (17 days) and 0.08 (30 days). To evaluate the 

effect of the different khyd values, both were tested 

using the most relevant PL composition (Tab. 5). 

 

2.3.4 Gas addition 

Evaluating the gas effect on the processes occurring 

in AD is done by simplification where technical 

dissolution challenges are assumed solved by 

ignoring physical barriers and adding the gas as an 

extra source of COD without increasing the total 

liquid substrate volume stream (Shah et al., 2017). 

This has been achieved in laboratory experiments 

(Corbellini et al., 2021) where hydrogen gas has 

been injected at similar organic loading rate below 

surface level and with high mixing speed, achieving 

90-99 % conversion efficiency, which might 

improve with further acclimation. Since hydrogen 

gas is the least soluble in water, we assume carbon 

monoxide can be transferred with similar efficiency 

(solubility H2 at 38°C: 0.0014 g gas/kg water, 

solubility CO at 38°C: 0.021 g gas/kg water, 

(Engineering ToolBox, 2008)).  

 
Table 6: Load of non-condensable gases, based on 

composition of gas measured during pyrolysis. 

Gas loaded Unit Value 

CO kg COD d-1 182 

H2 kg COD d-1 434 

CH4 kg COD d-1 600 

CODgas loading rate kg COD m-3d-1 0.347 

CODHS+PL+Gas loading rate kg COD m-3d-1 7.56 

CO2 kmol d-1 32.8 

CO2_input conc. in HS+PL vol kmol m-3 d-1 0.170 

 

3. Results 

3.1 Base scenario 

The simulation results had a good fit with AD 

operational data and were within 1 % deviation 

(Tab. 7) except for total VFA. 
 

Table 7: Measured and simulated values for the base 

scenario. Value units are kg COD m-3 for all unlabeled 

except for gas production (m3), Total Ammonium 

Nitrogen (TAN, M d-1), and pH. 

Target data Valuemeas Valuesim %Diff 

Productionbiogas 8374 8409 0.418 

ProductionCH4 5275 5278 0.0569 

% vol CH4 63.0 62.8 -0.317 

tCODdigestate 54.0 54.0 0.000 

sCODdigestate 5.30 5.33 0.566 

pHdigestate 7.87 7.83 -0.508 

TANdigestate 0.104 0.103 -0.962 

totVFAdigestate 0.172 3.22 1782 

 

3.2 Variation of hydrolysis constant 

The simulation results of two scenarios with PL 

added with two different khyd, 0.3 d-1 and 0.08 d-1, 

had very small differences, less than 0.6 % for all 

parameters. The main effect from the reduction of 

khyd was a higher tCOD concentration in the 

digestate (+0.4 %), a small decrease in biomass and 

biomass growth rates, and a minor decrease in 

biogas production (-0.3 %). 

Due to the low difference between the simulation 

results using different hydrolysis constants, the 

higher and most likely value (0.3 d-1) was used for 

further simulations on composition and gas addition. 

 

3.3 PL composition 

3.3.1 Lipids and carbohydrates 

To see the impact on simulation from lipid and 

carbohydrate distribution in PL, lipids concentration 

was reduced, and carbohydrate concentration was 

increased to a scenario where these would contribute 

equal amounts of COD. This scenario was compared 

to the most relevant compositional distribution (Tab. 

5). All the differences in simulation results at stable 

conditions were less than 1 %, except for simulated 
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total VFA in digestate, which was reduced by 1.15 

% compared to the most relevant scenario. 

 
3.3.2 Changing PL protein input 

Higher protein content changed the simulation 

results to a much larger extent than the other 

compositional changes. The parameters most 

affected by the changes (Fig. 3) were: Acetic acid 

(9% increase), sCOD (4% increase), amino acid 

degrading organisms’ biomass and growth rate (3% 

increase), TAN (2% increase) and inorganic carbon 

(1% decrease). The low protein content scenario 

decreased acetic acid and sCOD by 2 and 1 %, 

respectively, and otherwise showed small changes 

(Fig. 3). 

 
Figure 3: The parameters with the largest % change when 

comparing the three different composition scenarios to 

the most relevant composition (Tab. 5). ac = acetic acid 

left in digestate, sCOD = soluble chemical oxygen 

demand left in the digestate, Xaa = amino acid degrading 

organisms and their growth rate, TAN = total ammonium 

nitrogen left in digestate, IC = inorganic carbon in 

digestate. 

Figure 4: Daily simulated methane production when 

different PL input compositions are tested. 

Simulated methane production only changed 0.1-

0.5% by changing the protein load to the 

concentrations used in these scenarios (Tab. 5), but 

when comparing the results scaled (Fig. 4), it looks 

like a small trend where higher protein content affect 

methane production negatively. Like for the 

methane production, inhibition from NH3 increases 

slightly (lower inhibition value) with higher protein 

input (Fig. 5). 

Figure 5: Inhibition values from ammonia (NH3) on 

acetoclastic methanogens and the difference between 

simulated PL compositions. Lower inhibition value means 

more inhibition. 

3.4 Simulation of gas addition 

Gas addition increased the simulated methane 

production with 7 %, 375 Nm3 d-1 more than the 

simulated base scenario (Fig. 6 and 9). The pyrolysis 

gas contained 210 Nm3 of CH4, which accounts for 

about 56% of the increase in methane production. 

Inhibition from ammonia that increased (lower 

inhibition value) with PL addition, normalized 

somewhat when gas was added (from 0.19 with PL 

to 0.196 with PL and gas, Fig. 7). 

Figure 6: Daily simulated methane production for base 

scenario, added pyrolysis liquid and liquid and gas added 

together. 

 
Figure 7: Inhibition values from NH3 on acetoclastic 

methanogens for base scenario, added pyrolysis liquid 

and liquid and gas added together. Lower inhibition 

value means more inhibition. 

 

The largest change from the base scenario was the 

acetic acid concentration in digestate that nearly 

tripled (from 1.6 kg COD m-3 in base scenario to 4.5 

kg COD m-3, Fig. 8) when adding PL alone. The 

largest change for the gas scenario was the residual 

sCOD in the digestate, which increased by 55 % 

from the base scenario (Fig. 8). Biogas also had a 

significant increase of 14 % for th PL+Gas scenario 

(Fig 9). TAN increased by about 20 % for both the 

scenarios (Fig. 8). 
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Figure 8: Percentage change from base scenario on acetic 

acid, soluble COD (sCOD) and TAN (total ammonium 

nitrogen) when adding pyrolysis liquid (PL) or pyrolysis 

liquid and gas (PL+Gas). 

 
Figure 9: Percentage change from base scenario on 

methane concentration (%vol CH4), produced methane, 

produced biogas, ammonia inhibition (Inhib. NH3) and 

CO2 concentration (%vol CO2) when adding pyrolysis 

liquid (PL) or pyrolysis liquid and gas (PL+Gas). 

 
4. Discussions and Summary 

4.1 Base scenario 

The simulated base scenario was well calibrated to 

match operational and measured data for the 

industrial process, except for VFAs (Tab. 8), these 

are previously reported with low fit for thermally 

hydrolyzed sludge in ADM1 (Donoso-Bravo et al., 

2020). 

 

4.2 Variations of PL hydrolysis and composition 

Despite reducing the hydrolysis constant for the 

added PL to a fourth of the most relevant value, from 

0.3 d-1 to 0.08 d-1, the differences in the simulation 

results after stabilization were small at the simulated 

PL load. Reductions in biomass growth rates and 

increase in residual tCOD (section 3.3) are expected 

with slower solubilization of particulates caused by 

reducing the hydrolysis constant without changing 

the HRT. The % difference in biogas production, 

however, was less than the % difference between the 

simulated base scenario and measured operational 

data, so they would most likely not be noticed in an 

experimental or industrial setting. 

Changing the simulated protein input had more 

effect than changing lipid and carbohydrate 

distribution. More protein leads to higher TAN 

(0.127 M for the high protein scenario, up from 

0.125 M for the most relevant scenario), which 

increases inhibition by ammonia of acetoclastic 

methanogenesis (Fig. 5) causing a higher 

concentration of acetic acid in the digestate (Fig. 3, 

8 % increase in this scenario) and lower overall 

methane production (Fig. 4). In our scenario, the 

process is still stable as the pH has not decreased by 

much, but it gives a clear indication of what happens 

with too much loaded protein. 

Most likely, however, the PL does not contain 

“traditional” lipids, carbohydrates and protein, as 

these are decomposed and changed into other 

compound groups through pyrolysis (e.g. Tab. 4 and 

Wang et al. (2017)). PL from biosolids does contain 

a lot of nitrogen, however. From our total nitrogen 

analysis there is still 1.4 M nitrogen bound to 

unknown compounds, after correcting for 

ammonium-N. Whether these compounds are 

anaerobically digested with an effect like proteins, 

whether they stay inert or whether they are 

inhibitory to the process is difficult to predict 

without conducting carefully planned, long-term 

continuous experiments. 

 

4.3 Effects on industrial process from pyrolysis 

liquid and gas 

The simulated methane production drops slightly 

when adding PL alone but increases 7 % when gas 

is added. From the overview figures (Fig. 8 and 9) 

we see that acetic acid concentration triples when PL 

is added, and TAN concentration increases, causing 

more inhibition from ammonia on acetoclastic 

methanogens. This might explain why the methane 

production drops slightly despite the PL contributing 

extra COD to the process (0.4 kg COD m-3 d-1, Tab. 

3). 

The overall methane yield drops compared to the 

base scenario when adding these pyrolysis products 

(Fig. 10), most likely due to the high load of 

inorganic nitrogen in the liquid fraction. 

 
Figure 10: %Methane yields for the overall processes. 

 

In combination, the slightly inhibitory effect from 

the PL is “diluted” by the gas, so the actual methane 

production still increases overall, however with less 

overall efficiency compared to the extra added COD. 

Despite the possible problems with PL in AD, the 

result from the combined addition indicates that the 

processes occurring in AD may tolerate an 

uncondensed pyrolysis gas co-substrate and increase 

methane production moderately. 
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