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Abstract 

This study investigates the use of fractional condensation, following the fast pyrolysis 

of three different ash-rich biomass feedstocks to optimise the composition of aqueous 

pyrolysis condensates (AC) for downstream microbial conversion. Optimum conditions were 

first predicted and established theoretically by means of vapour-liquid equilibrium flash 

calculations that employed the modified UNIFAC Dortmund (UNIFAC-DMD) model. 

Thereafter, theoretical models were experimentally validated on a 10 kg/h fast pyrolysis 

setup. Model predictions revealed that temperature combinations of 120 and 50 ⁰C on first 

and second staged condensers, respectively returned optimum production of AC yield and 

substrates at the expense of inhibitors. Satisfactory agreement existed between most 

experimental data and model predictions and the qualitative trend was mostly reproduced 

correctly. Some noteworthy deviations were however observed, most especially for 

inhibitory compounds, which was blamed on the limitation of the UNIFAC-DMD model in 

accurately predicting the phase behaviour of organic compounds at such very low 

concentrations as well as the scarcity of precise vapour pressure data for some of these 

organic compounds. Nonetheless, the study demonstrated how valuable theoretical phase 

equilibria models are in predicting the composition of fast pyrolysis bio-oils and how 

fractional condensation proves to be a key upstream pre-treatment for valorising ACs. 
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1. Introduction

Projected depletion and rising carbon footprint associated with the use of fossil 

resources coupled with rising energy demands have sparked the production of fuels and 

chemicals from biomass [1,2]. Several thermal and biochemical processes have been 

developed to valorise biomass residues as carbon neutral resources [1,3,4]. Fast pyrolysis to 

convert lignocellulosic biomass into bio-based energy and chemicals has gained significant 

attention, due to its advantages of processing many types of biomass feedstocks into 

energy-dense liquid and solid intermediates for further energetic or chemical use [3,5–10]. 

Fast pyrolysis decomposes lignocellulosic biomass at temperatures of around 500 ⁰C in an 

inert environment to produce, fast pyrolysis bio-oil (FPBO), char (containing inorganics) and 

non-condensable gases, each of which can be used for fuel and chemical applications 

[1,4,11–16]. By pyrolysis, up to 75 wt.% of initial dry biomass can be converted into FPBO 

[4,16]. FPBO is a complex product as a mixture of numerous compounds that include organic 

acids, ketones, aldehydes, alcohols, furans, phenols, hydro sugars and other oxygenates as 

well as water [4,14,17–20]. Due to its complex nature, FPBO may be separated into various 

fractions to tailor its quality for specific applications [21]. Methods employed for the 

fractionation of FPBO include but are not limited to centrifugation, extraction, liquid 

chromatography, molecular distillation and fractional condensation [4,14,22]. 

Centrifugation, extraction and liquid chromatography, although proven to be effective in 



separating FPBO, are expensive and impractical at industrial scales [2,4,14,15]. Molecular 

distillation is dissuaded as oxygenated compounds in the FPBO become highly reactive 

during heating and may polymerise into coke (solid carbonaceous residue) [1,2,4,8,12,23]. 

Fractional condensation to separate FPBO into useful fractions has received 

increasing attention [2,14,22], due to its energetic and economic advantages compared to 

liquid-liquid separation technologies [4,8,14]. During fractional condensation, pyrolysis 

vapours pass through a series of condensation stages operated at steadily decreasing 

temperatures, allowing for FPBO fractions of different physical and chemical properties to be 

collected [1,2,12,24,25]. This leads to the recovery of different phases of FPBO in the form of 

organic-rich (ORC) and aqueous pyrolysis condensates (AC) [18,19,26]. ORC, due to its 

comparatively higher calorific value has been extensively used for fuel applications. AC, 

however primarily comprises of up to 85 wt.% water and other organics such as carboxylic 

acids, furans, ketones and phenol derivatives. It has a high corrosiveness (due to the 

presence of the low molecular weight carboxylic acids) and very low calorific value and 

requires costly treatment methods to remove the organics present before being discarded in 

an environmentally friendly fashion [27–30]. Consequently, condensation of the aqueous 

phase is avoided in industrial fast pyrolysis units and the vapours are combusted along with 

pyrolysis gas and char to supply heat to the process. 

Alternatives are being developed to utilise AC, for instance as gasifier feed after 

mixing with char [31,32]. Another possibility has been reported by studies on the use of this 

phase as a carbon source for microbial cultivation and as a substrate for anaerobic digestion 

[18,20,29,30,33,34]. This is due to the presence of compounds such as acetic acid in AC, 

which have been reported to promote microbial growth [18,29,35].  



A major setback commonly encountered in cultivating microbes on AC is the 

elimination of potential growth inhibitors (furans, ketones and some phenol derivatives) 

from AC to tailor its use as substrate [20,27,30,35]. Several techniques to curtail these have 

been investigated, including liquid-liquid extraction [16], adsorption using pyrolysis char as 

activated carbon [30,36], rotary evaporation [20,35] and overliming [29,35,37–39]. In as 

much as these techniques tend to be promising, the majority of them require separate 

downstream processes in addition to the fast pyrolysis process. This will most likely impact 

economic feasibility towards attaining a sustainable biorefinery concept as was concluded in 

the studies of Liaw et al. [33]. 

Removal of inhibitory compounds from the AC using optimised fractional 

condensation may lead to a novel growth medium for microbial cultivation. Liaw et al. [33] 

adjusted the temperature of only the first stage in a fractional condensation setup to study 

the composition of the produced phases, but no study has been found where the 

temperatures of all stages are independent variables. In fractional condensation, 

temperature adjustment of each condensation stage is essential to optimising the 

composition of AC for its use as substrate. 

A relevant challenge met when modelling fast pyrolysis, including the condensation 

of fast pyrolysis volatiles, is the physicochemical characterisation of the compounds found in 

the model [13,40,41]. Westerhof et al. [42] demonstrated this when they predicted the 

effects of condensation conditions on fractions of light compounds using a simple 

equilibrium stage model. Westerhof et al. [43] also previously compared an equilibrium flash 

condensation model with experimental results when they studied the control of water 

content in FPBO. 



The ability to model condensation systems using simple flash abstractions allows the 

study of separation systems without the time and effort required to perform these studies in 

a real setup. Modelling the vapour-liquid equilibrium (VLE) requires the user to choose a 

thermodynamic model, and Carlson [44] recommends the use of activity coefficient models 

to model mixtures rich in non-ideal components. Many of the components of pyrolysis 

condensates lack model parameters in databases or in the literature, therefore the use of 

group-contribution models, such as modified UNIFAC Dortmund (UNIFAC-DMD) [13] and the 

Group Contribution with Association Equation of State (GCA-EoS) [40] is favourable. Both 

models have been reported to be reliable tools to predict phase equilibria (including FPBO 

condensation processes) over wide temperature ranges and have seen numerous 

applications in research and industry [13,40,41,45,46]. 

This study aims to optimise the composition of an aqueous condensate (AC) obtained 

from fractional condensation of fast pyrolysis vapours within the bioliq® concept of biomass 

fast pyrolysis [24,47] of three ash-rich biomass feedstocks (wheat straw, miscanthus and 

coffee husk) for downstream microbial conversion. Theoretical studies of two condensation 

steps with a UNIFAC-DMD thermodynamic model were conducted. Central Composite 

Design (CCD) methodologies were applied to estimate an optimum combination of the two 

condensation temperatures to maximise the concentration of substrates and the yield of the 

desired product, as well as minimise the concentration of inhibitors. The obtained optimum 

condensation setup was tested in a 10 kg/h fast pyrolysis pilot unit. The unique combination 

of applying a proven thermodynamic model with experimental validation of the calculated 

results represents a decisive addition to previous studies in the field of AC valorisation and 

condensation of FPBOs. 



2. Materials and Methods 

The study employed the fast pyrolysis of three ash-rich biomass feedstocks. These 

are wheat straw, coffee husk (residues from agriculture) and miscanthus (a perennial grass) 

available in large quantities. These raw materials were chosen because they contain a high 

amount of minerals, especially potassium. Like most alkali (earth) metals, potassium is 

known to catalyse pyrolysis reactions, which in consequence leads to increased formation of 

char and reaction water during fast pyrolysis [24,25]. Consequently, fractionated 

condensation becomes more important in this case.  

Wheat straw was supplied by Franz Kolb GmbH & Co. KG, Germany (firma-kolb.de) 

and was shredded in batches of two bales of 200 kg (April 2019) and 300 – 400 kg 

(December 2020). The batch shredded in April 2019 was used for generating initial AC used 

for tolerance tests of microbes (section 2.1.1) whereas the batch shredded in December 

2020 was used for validation experiments following model predictions (section 2.2). Prior to 

the experiments, wheat straw was shredded using a shredder (HZR 1300) and subsequently 

milled using a cutting mill (TYP LM 450/1000-S5-2) to particle sizes below 5 mm. Both 

equipment were supplied and installed by Neue Herbold Maschinen- und Anlagenbau GmbH 

(Sinsheim, Germany). 

Miscanthus was supplied by Miscanthus Falzberger, Pichl bei Wels, Austria in large 

bales of about 500 kg each. The batch was harvested in April 2020. Particle size reduction of 

miscanthus followed the same procedure used for wheat straw to generate final particle 

sizes of 5 mm and below. 

Colombian coffee husk was supplied by the Universidad Nacional de Colombia, Sede 

Medellín. The feedstock was originally obtained from “ALMAVIVA”, a logistic centre for the 



National Federation of Coffee Growers in Medellin, Colombia. The batch was harvested in 

July 2019. Maximum and minimum chord lengths of coffee husk for 90% of the particles 

were less than 7.5 mm and 4.2 mm, respectively, with particle thickness ranging between 0.1 

mm and 0.2 mm. Coffee husk did not require any further size reduction before pyrolysis. 

2.1. Modelling optimisation of the fractional condensation process 

2.1.1 Selection of surrogate/model mixtures for thermodynamic VLE modelling 

A surrogate mixture for the AC was designed following GC-MS analysis of a sample 

obtained from the fast pyrolysis of wheat straw on a 10 kg/h process development unit 

(PDU) (described in detail in section 2.2) and tolerance and toxicity tests for microbes on this 

sample. This followed similar procedure employed elsewhere [19]. Toxicity and tolerance 

tests were conducted to investigate how much and to what extent microbes are able to 

tolerate compounds present in a particular substrate such as AC. For example, following 

toxicity testing, it was confirmed that compounds such as acetic acid and acetol are good 

substrates that aid the growth of microbes, whereas compounds such as furfural have been 

identified to inhibit microbial growth. 

The selection procedure of surrogate components followed a similar principle as the 

one employed by Ille et al. [13], ensuring compounds of interest to microbial conversion (as 

both substrates and inhibitors) were included. Generally, the following factors were 

considered: 

1. Representation of the surrogate mixtures such that they cover the whole boiling

point range of the individual components present in AC.

2. Representation of all relevant functional groups in the original AC mixture.

3. Interest of compounds to microbial conversion.



4. Mass fraction (wt.%) of the chosen compound.

The selection of surrogate compounds based on the overall GC-MS characterisation

of the AC and toxicity testing of microbes has been presented in detail in Section A of 

supplementary information. A similar procedure was also employed in defining surrogate 

mixtures for miscanthus and coffee husk. Generated model compounds for all three biomass 

feedstocks were categorised into substrates and inhibitors and have been summarised in 

Table 1. 

The mass fractions (in wt.%) of selected surrogate compounds in pyrolysis vapours 

entering the first condensation unit were estimated using their corresponding mass fractions 

in the ORCs and ACs, as well as stream flow rates of the condensation setup. GC-

undetectable lignin-derived components present in ORC were represented as 3,4,4’-

Biphenoltriol, as was similarly implemented by Ille et al. [13]. Consequently, these estimated 

mass fractions served as input stream mass fractions for thermodynamic VLE flash 

calculations (section 2.1.3). The resulting surrogate mixtures with their respective mass 

fractions (in pyrolysis vapours entering the first condensation unit) for all three biomasses 

and the GC-MS data for all AC and ORC samples for all three biomass feedstocks have been 

presented in Tables S4 and Tables S9 - S14, respectively in section C of supplementary 

information. 

Yields of ORC ( ) and AC ( ) were estimated with respect to the total input 

vapour flow into the first condenser ( ), defined by Eqs. (1) and (2).  

(1)



(2) 

 Table 1. Grouping of surrogate/model compounds of AC into substrates and inhibitors for all three 
biomass feedstocks. 

Substrates/Promoters Inhibitors 

Hydroxyacetaldehyde 3-hydroxy-propionaldehyde

Acetic Acid 2-Butanone

Propionic Acid Methanol 

Acetol Furfural 

Phenol O-Cresol

Ethylene Glycol M-Cresol

Guaiacol Syringol 

2-methyl-propanoic acid 5-hydroxymethyl-2-furaldehyde

Vanillin 

2,3-Butandione (Diacetyl) 

1-hydroxy-2-butanone

  2.1.2 Central composite Design (CCD) 

A Central Composite Design (CCD) statistical method with five centre points was used 

  to ascertain the optimal temperature conditions at which the production of substrates 



supersedes inhibitors. Design Expert software, version 12 (Stat-Ease Inc., Minneapolis, USA) 

was used for setting up the design and evaluation of the CCD. Temperatures of Condensers 1 

(C1) and 2 (C2) were the factors investigated whereas mass fractions of substrates and 

inhibitory compounds (in wt.%) recovered in AC, yield of the AC, ratio of substrates to 

inhibitors and mass fraction of water in AC were the main response variables. The 

temperature ranges of C1 and C2 investigated were 80 – 120 ⁰C and 10 – 50 ⁰C, respectively. 

These ranges were chosen considering the operability ranges of the condensers, as well as 

avoiding operating temperatures below 80 ⁰C on C1 (conditions that facilitate the recovery 

of 2-phase liquid products). Also, for C2, operating this unit above 50 ⁰C leads to significant 

loss of aqueous condensate products. Factors under scrutiny and their operating ranges as 

designed using the CCD have been presented in Table S5 in section B of supplementary 

information. 

2.1.3 Thermodynamic VLE flash calculations 

Following the design of temperature ranges to be investigated using the CCD, 

thermodynamic VLE flash calculations were performed using the UNIFAC-DMD 

thermodynamic model. The UNIFAC-DMD model was programmed in MATLAB using the 

latest database obtained from the UNIFAC Consortium from Dortmund Data Bank [48]. 

Thermodynamic VLE calculations were performed around the condensation unit of the fast 

pyrolysis PDU described in section 2.2 and depicted in Fig. 1, in which units 5 and 9 represent 

the first and second condensers to produce ORC and AC, respectively. It is important to note 

that aerosols formed during first cooling in the first condensation stage were recovered in an 

electrostatic precipitator and added to the ORC. Consequently, it is feasible to represent 

each condenser with flash calculations. Flash calculations were performed using 



temperature pairs of C1 and C2 that were defined from the CCD (Tables S6 to S8 in section B 

of supplementary information) to obtain corresponding data of response factors.  

The generalised laws of Raoult and Dalton (Eq. (3) form the basis for modelling 

typical GE models like the UNIFAC-DMD. VLE flash calculations were formulated using this 

relation. Where,  and  represent the mass fractions of pure components in the liquid and 

vapour phases, respectively.  and , the total pressure and the pure substance saturated 

vapour pressure, respectively. The poynting correction,  defines the vapour-phase non-

ideality with the activity coefficient,  accounting for liquid-phase deviation from ideal 

solution behaviour. It is important to note that the poynting correction for high pressures 

was approximated to unity in this study since the condensation process was at atmospheric 

pressure. 

(3) 

The saturated vapour pressure of pure substances,  were defined using the 

Wagner equation (Eq. (4)[49–51]. 

(4) 

(5)



 and  represent the critical pressure and reduced temperature, respectively.  

(Eq. (5), is a function of the thermodynamic temperature,  and the critical temperature, . 

The constants A, B, C and D are the Wagner constants. The Wagner constants for majority of 

the compounds were obtained elsewhere [51,52]. Wagner constants for all other substances 

were estimated using the Extended Antoine Equation from Aspen Plus physical property 

system pure component databank. 

2.2. Experimental validations on Process Development Unit (PDU) 

Subsequent to the modelling optimisation study, optimum condensation 

temperatures were experimentally validated on a 10 kg/h pyrolysis PDU, a scaled-down 

version of the bioliq® process. A detailed process description of this unit has been 

elaborated elsewhere [53,54], thus only a brief description of modifications made have been 

provided here. An overview of the setup has been depicted in Fig. 1. 

Fig. 1. Schematic of the fast pyrolysis Process Development unit (PDU): 1: Biomass Feed, 2: Pyrolysis 
screw reactor, 3: Cyclone, 4: Solid char products, 5: Quenching Condenser 1, 6: Organic rich 

condensate (ORC), 7: Heat exchanger 1, 8: Electrostatic precipitator, 9: Quenching Condenser 2, 10: 
Aqueous condensate (AC), 11: Heat exchanger 2, 12: Incondensable gases, 13: Third condensation 



unit, 14: Bypass condenser 1, 15: Bypass condenser 2, 16: Bypass condenser 3, 17: ORC from bypass, 
18: AC1 from bypass, 19: AC2 from bypass. (Adapted from Ille et al. [13] with permission from 

Elsevier)

Validating the optimised temperature conditions from the CCD investigation 

mandated a modification of the PDU condensation setup since it was not initially designed to 

operate at these optimised condensation temperatures. These modifications included a third 

condensation unit designed as a shell-and-tube condenser that also operated at 

temperature conditions similar to C2 with the sole purpose of recovering any AC which could 

not condense in C2 as a result of a higher operating temperature (50 ⁰C) as compared to the 

default/conventional operating temperature (15 ⁰C). All experiments were conducted in 

triplicates to ensure reproducibility.  

Due to the fact that ORC and AC obtained from these main condensation loops are 

heavily diluted with the quenching liquids, ethylene glycol and water respectively, a bypass 

condensation loop (units 14, 15 and 16 of Fig. 1) was installed and attached to the PDU to 

recover undiluted pyrolysis oil products. The bypass condensation loops are shell and tube 

condensers with operating temperature conditions similar to the main quenching 

condensation loops. These undiluted pyrolysis products provide a more accurate 

representation of the pyrolysis condensates hence their GC-MS characterisation results were 

used (for experimental validation) instead of the GC-MS characterisation of the heavily 

diluted samples. 

2.3.  Analytic methods 

For every test conducted on the PDU, biomass samples, solid char and all 

condensates were subjected to various analyses. The methods followed similar procedures 

employed elsewhere [54] with only summaries being highlighted here. 



The moisture content of biomass feedstocks and char was measured in accordance 

with DIN EN 18134-3. Volumetric Karl-Fischer titration was done using methanol with 

Hydranal Composite-V to determine water content in all condensates. Ash content of 

biomass feedstocks and solid char was conducted per DIN EN ISO 18122, where samples 

were heated to 250 ⁰C for 60 min, and subsequently to 550 ⁰C for 120 min. Volatile matter of 

biomass feedstocks were conducted following DIN EN ISO 18123. Elemental analysis for solid 

char was according to DIN EN 15104 and DIN EN 51732 for biomass feedstocks and ORCs. 

The composition of non-condensable gases was characterised online using gas 

chromatography with neon gas as a tracer. Gas volumetric flowrate was additionally 

measured using an online flowmeter. 

GC–MS analyses of all pyrolysis condensates were conducted by the Thünen 

Institute, Hamburg, Germany. The method has been described in detail elsewhere [55]. 

3. Results and Discussions

3.1. Modelling optimisation of the fractional condensation process 

The two-unit condensation setup (described in section 2.2) was modelled to 

determine the effects of their operating temperatures on variation in mass fractions of 

substrates and inhibitor compounds in the recovered AC. Temperature ranges of 80 and 120 

⁰C were investigated for the first condenser whereas ranges of 10 and 50 ⁰C were considered 

for the second condenser. 

The influence of condenser temperatures on the mass fractions of substrate and 

inhibitor compounds (based on selected surrogate mixtures shown in Table 1) present in AC 

were evaluated. Additionally, ratio parameters of substrate to inhibitor compounds was 



used to further buttress conditions at which recovery of substrates were optimum. 

Furthermore, the effects of temperature variation on yields and water content of the AC 

were also investigated. The investigation was done for three different biomass feedstocks: 

wheat straw, miscanthus and coffee husk.



Fig. 2. Wheat Straw: Effects of condensation temperatures on: (a) Mass fraction of the sum of promoter/substrate compounds in AC; (b) Mass fraction of the sum of inhibitory compounds in AC; (c) Ratio of promoters (P) to inhibitors (I): (d) 
proportion ratio of promoters to inhibitors with respect to AC yield; (e) AC yield (based on the vapour flow at the inlet of the first condenser); and (f) water content in AC. *Cond-Condenser 



Fig. 3. Miscanthus: Effects of condensation temperatures on: (a) Mass fraction of the sum of promoter/substrate compounds in AC; (b) Mass fraction of the sum of inhibitory compounds in AC; (c) Ratio of promoters (P) to inhibitors (I): (d) 
proportion ratio of promoters to inhibitors with respect to AC yield; (e) AC yield (based on the vapour flow at the inlet of the first condenser); and (f) water content in AC. *Cond-Condenser 



Fig. 4. Coffee Husk:  Effects of condensation temperatures on: (a) Mass fraction of the sum of promoter/substrate compounds in AC; (b) Mass fraction of the sum of inhibitory compounds in AC; (c) Ratio of promoters (P) to inhibitors (I): (d) 
proportion ratio of promoters to inhibitors with respect to AC yield; (e) AC yield (based on the vapour flow at the inlet of the first condenser); and (f) water content in AC. *Cond-Condenser



3.1.1 Wheat Straw 

In Fig. 2a, it was observed that increasing the temperature of the first condenser 

from 80 to 120 ⁰C had the greatest effect on the recovery of substrates in AC, with substrate 

mass fraction increasing from about 13 to 18 wt.%. This increase is because at higher 

temperatures, more substrate compounds (especially acetic acid, propionic acid and acetol) 

remain in the vapour phase in the first condenser and are only condensed in the AC in the 

next stage. Similar observations were made by Liaw et al. [33] who also observed an increase 

in the mass fraction of compounds such as acetic acid and acetol in their AC when 

temperature of the first staged condenser increased. Generally, the influence of 

temperature in the second stage condenser on the mass fraction of substrates in AC was 

seen to be insignificant. At lower temperatures of C1 (80 ⁰C), virtually no change in the mass 

fraction of substrates were observed when the temperature of C2 rose from 10 to 50 ⁰C. 

Also, for the same temperature range of C2, only a slight increase (about 0.5 wt.%) in the 

mass fraction was observed at a higher operating condition of C1 (120 ⁰C). The highest yield 

of substrate (about 18 wt.%) was recorded at a temperature combination of 120 ⁰C and 50 

⁰C on C1 and C2, respectively. 

From Fig. 2b, throughout the temperature range of C1 (80 – 120 ⁰C), a decrease in 

the mass fraction of inhibitors was observed when the temperature of C2 rose from 10 to 50 

⁰C. Decreases from 1.98 to 1.28 wt.% (at C1 temperature of 80 ⁰C) and from 1.26 to 0.98 

wt.% (at C1 temperature of 120 ⁰C) were observed. The lowest mass fraction of inhibitors 

(about 0.98 wt.%) was recorded at the highest operating temperature combinations of both 

condensers as these conditions fostered the condensation of most of the higher molecular 

weight compounds that include furfural, syringol, m-Cresol and o-Cresol (which form the 



majority fraction of inhibitors) in the first condensation stage. Due to their comparatively 

higher boiling points, they tend to be retained at higher operating temperatures of C1, which 

will mean only significantly lower fractions of these components progress to the next 

condensation stage. It is also important to mention that at higher operating temperatures of 

both condensers, the inhibitor methanol remains in its vapour phase, implying that its 

concentration level in the recovered AC is below thresholds that can cause toxicity. 

To get a clearer picture of the recovery of substrates/promoters (P) and inhibitory (I) 

compounds in AC, the ratio of their respective mass fractions was multiplied by the yield of 

AC to generate the parameter, “P/I * Yield of AC”. This parameter ascertained the fact that 

an increase in temperature on both condensation units facilitated the production of 

substrates to the detriment of inhibitors at an optimal recovery of AC, as can be seen in Fig. 

2d. Proportions of inhibitors were suppressed about six folds when operating temperatures 

of both condensers increased from the lowest to highest. Even more conspicuous with this 

trend is the direct ratio of promoters to inhibitors (Ratio, P/I) (Fig. 2c), which saw an 

exponential rise from about 10 to 25 as the temperatures of both condensation stages 

increased from their lowest to their highest ranges investigated. 

From Fig. 2e, the yield of AC (with reference to the input vapour flow in the first 

condenser) is greatly influenced by temperature change in the first condenser. By increasing 

the temperature on the first condenser from 80 to 120 ⁰C, an increase in the yield of AC 

from about 18 wt.% to a yield range of 35 – 45 wt.% was observed. This is obvious as higher 

temperatures on this unit would not be conducive for the condensation of water (whose 

boiling point is 100 ⁰C) and hence are mostly passed on and recovered in the second 

condensation stage. Westerhof et al. [42] made similar observations when they varied C1 

temperatures between 20 and 81 ⁰C and recorded a gradual increase in the yield of their AC 



at different biomass pyrolysis temperatures. Increasing the temperature in the second 

condensation stage had a comparatively weaker influence on AC yield. At a fixed 

temperature of 120 ⁰C in the first condenser, the yield decreased from approximately 45 to 

35 wt.%, with an increase in the temperature in the second condenser from 10 to 50 ⁰C. At a 

fixed temperature of 80 ⁰C in the first condenser, hardly any change in AC yield was 

observed as the temperature in the second staged condenser increased (Fig. 2e).  

In Fig. 2f, the influence of the temperature in the second staged condenser was also 

seen not to be very significant on the mass fraction of water (water content) in AC. 

Nonetheless, with an increase of temperature in the first condenser, the water content 

slightly decreased from approximately 85 to 80 wt.%. 

The observed trends for all parameters discussed suggested that for the temperature 

ranges investigated, combinations of 120 ⁰C (on the first staged condenser) and 50 ⁰C (on 

the second staged condenser) returned optimum conditions for which the recovery of 

substrates and inhibitory compounds were at the maximum and minimum, respectively. 

Optimum recovery of the yield of AC was also recorded at these conditions. 

3.1.2 Miscanthus and coffee husk 

Like wheat straw, similar trends to the evolution of substrates with temperature rise 

on both condensers were observed for the cases where miscanthus and coffee husk were 

used as biomass feedstock. The highest substrate mass fraction (about 31 and 32 wt.% 

respectively for miscanthus and coffee husk) was recorded at temperature combinations of 

120 ⁰C and 50 ⁰C, respectively on the first and second condensers. It is interesting to note 

that corresponding mass fractions of substrates were about twice as high in ACs recovered 

from miscanthus and coffee husk compared to ACs recovered from wheat straw. This was 

corroborated to the significantly higher amounts of carboxylic acids such as acetic and 



propionic acids (which constitute the majority fraction of substrate compounds) originally 

present in the volatiles generated following the pyrolysis conversion of these feedstocks 

(Table S4 in supplementary information). As can be seen from Table S4, the mass fractions of 

acetic and propionic acid originally present in the volatiles generated from the fast pyrolysis 

of miscanthus and coffee husk were about twice as high as those recorded from wheat straw 

pyrolysis. This could also suggest that some similarities exist in the chemical compositions 

and degradation mechanisms of miscanthus and coffee husk. 

Unlike the case of wheat straw, where a decrease in the mass fraction of inhibitors 

was observed when condensation temperatures increased, the mass fraction of inhibitors in 

AC recovered from both miscanthus and coffee husk unexpectedly increased. An increase in 

yield of about 0.38 and 0.37 wt.% for miscanthus (Fig. 3b) and coffee husk (Fig. 4b) were 

obtained, respectively when temperature of C1 rose from 80 to 120 ⁰C. Nonetheless, an 

increase in temperature of C2 had no significant effects on mass fractions of inhibitors. 

Again, in contrast to wheat straw, the lowest mass fractions of inhibitors were recorded at 

temperature combinations of 80 and 10 ⁰C for C1 and C2, respectively for both feedstocks. 

The reason for the contradicting trends observed for miscanthus and coffee husk as 

compared to wheat straw was a result of the varying compositions of the inhibitor, 3-

hydroxy-propionaldehyde in the pyrolysis volatiles of these biomasses (Table S4 of 

supplementary information). This strong inhibitor was only available in negligible amounts of 

the wheat straw pyrolysis volatiles and was hardly detected in its subsequently recovered AC 

product. Its composition in volatiles of miscanthus and coffee husk was however fairly 

significant and was seen to increase in AC with temperature rise of C1 although only at lower 

temperatures of C2 in the investigated range. It was also noted that mass fractions of other 

inhibitory compounds such as vanillin and furfural were at least three times higher in the 



pyrolysis volatiles of miscanthus and coffee husk than the volatiles of wheat straw (Table S4 

of supplementary information). 

In effect, the evolution of the ratio of substrates (promoters) to inhibitors (Ratio, P/I) 

with temperature rise on both condensers observed for wheat straw followed a different 

pattern from that observed for miscanthus and coffee husk. Dissimilar to wheat straw, 

where this parameter increased with temperature rise and peaked at C1/C2 temperature 

combinations of 120⁰ C/50 ⁰C, this parameter first increased as temperatures of both C1 and 

C2 increased, peaked at C1/C2 temperature combinations of 100 ⁰C/50 ⁰C (for miscanthus) 

(Fig. 3c) and about 95 ⁰C/50 ⁰C (for coffee husk) (Fig. 4c), after which it decreased with 

subsequent increase of temperature. This corroborates the fact that inhibitory compounds 

became somewhat pronounced at higher condensation temperatures for miscanthus and 

coffee husk unlike the case of wheat straw, where the mass fractions of inhibitors were 

suppressed at an increased operating temperature of both condensers. 

Yields of AC and water content for miscanthus (Fig. 3e & f) and coffee husk (Fig. 4e & 

f) followed similar trends observed for wheat straw except that water content was about 10

wt.% lower than all corresponding temperature conditions of wheat straw. This is expected 

as the water content originally present in wheat straw volatiles is higher than miscanthus 

and coffee husk (Table S4 of supplementary information). Another observation that further 

ascertains similarities in composition and degradation mechanisms of miscanthus and coffee 

husk.   

Far apart from the case of wheat straw where optimum operating conditions for 

generating peak yields of AC and substrates at the expense of inhibitors were all slated at a 

single temperature combination of C1 and C2 (i.e. 120 ⁰C/50 ⁰C) (Fig. 2d), the instance for 



miscanthus and coffee husk were quite indistinct (Fig. 3d & Fig. 4d). Although, 

recommended temperature combinations for the optimum production of substrates at the 

expense of inhibitors were recorded at 100 ⁰C/50 ⁰C (for miscanthus) and about 95 ⁰C/50 ⁰C 

(for coffee husk), the AC recovered at these conditions was not at its apex. The optimum 

yields of AC for these feedstocks were only realised at C1/C2 temperature combinations of 

120 ⁰C /10 ⁰C (Fig. 3e & Fig. 4e). However, at this temperature combination, mass fractions 

of inhibitory compounds were at their highest. Nonetheless, the C1/C2 temperature 

combination of 120 ⁰C/50 ⁰C appears to be the best point of compromise, as significantly 

higher amounts of substrates as opposed to inhibitors (1-2.5 units bereft of optimum values 

recorded in Fig. 3c & Fig. 4c) and AC yields of just about 5-6 wt.% short of optimum figures 

were still produced. 

It is however important to highlight that the ORC is the main product of the fast 

pyrolysis process, whereas AC, a side stream. At the recommended optimum operating 

conditions for the valorisation of substrates from AC, the yield of the main product (ORC) 

becomes lower compared to normal operating conditions. As presented in Table 2, the yield 

of ORC for wheat straw, miscanthus and coffee husk decreased by 23, 15 and 17%, 

respectively when C1 temperature increased from conventional (90 ⁰C) to optimum (120 ⁰C). 

This development will most likely alter temperature conditions that will favour economic 

feasibility of the new concept (valorising AC and simultaneously recovering viable amounts 

of ORC). Nonetheless, very little changes are observed with the overall energy recovered 

with the ORC at higher condensation temperature (i.e. most differences in yield are 

attributed to less water content in the ORC). 



Table 2. Yields of ORC obtained at conventional (90 ⁰C) and optimum (120 ⁰C) operating conditions of 
C1, highlighting the resulting percentage decreases for all three biomass feedstocks. 

ORC yield (wt.%) 

C1 Temperature (⁰C) Wheat Straw Miscanthus Coffee husk 

90 (conventional) 60 65 65 

120 (optimum) 46 55 54 

Percentage decrease 23.3 15.4 16.9 

*Percentage decrease represents decrease in ORC yield as temperatures increased from conventional to
optimised conditions.

3.2. Experimental validations of theoretical models on a 10 kg/h PDU 

3.2.1 Comparison of experimental data and model predictions for yields of substrates, 
inhibitors, AC yield and water content 

Recommended optimum conditions (120 ⁰C on staged condenser 1 and 50 ⁰C on 

staged condenser 2) obtained from modelling study were implemented on a 10 kg/h 

pyrolysis PDU (earlier described in section 2.2) to validate the model prediction for all three 

biomass feedstocks. Subsequently, comparisons of the performance of the model 

predictions to experimental data were also done at conventional condensation temperature 

conditions of the PDU (90 ⁰C on staged condenser 1 and 15 ⁰C on staged condenser 2) and 

were compared to the recommended optimum conditions for wheat straw and miscanthus 

biomass feedstocks (Fig. 5, Fig. 6a & b). Comparisons of model predictions with experimental 

data for coffee husk biomass feedstock were made for recommended optimum temperature 

combinations only, as per experimental data available (Fig. 6c). 



Fig. 5. Comparison of theoretical UNIFAC-DMD models for investigated parameters with experimental 
validations on PDU for wheat straw pyrolysis showing percentage deviations from experimental data: 
(a) comparisons at conventional condensation temperatures (C1-90 ⁰C/C2-15 ⁰C) and (b) comparisons
at optimum condensation temperatures (C1-120 ⁰C/C2-50 ⁰C). Experimental data are mean values of
three replicate runs, with error bars representing corresponding standard deviations of the replicate

experimental runs.



Fig. 6. Comparison of theoretical UNIFAC-DMD models for investigated parameters with experimental validations on PDU showing percentage deviations from experimental data: (a) comparisons at conventional condensation temperatures 478 
(C1-90 ⁰C/C2-15 ⁰C) for miscanthus; (b) comparisons at optimum condensation temperatures (C1-120 ⁰C/C2-50 ⁰C) for miscanthus; (c) comparisons at optimum condensation temperatures (C1-120 ⁰C/C2-50 ⁰C) for coffee husk. Experimental 479 

data are mean values of three replicate runs, with error bars representing corresponding standard deviations of the replicate experimental runs.480 



For wheat straw, except for the significant deviations of model data from 

experimental data observed for inhibitory compounds, prediction with the theoretical model 

essentially agrees with experimental validations on the PDU (Fig. 5). Models were even 

better predicted at conventional condensation temperatures (C1-90 ⁰C/C2-15 ⁰C), with 

percentage deviations of only 1% (under-prediction), 8% (under-prediction) and 14% (over-

prediction) observed for the parameters: AC water content, AC yield and mass fraction of 

substrates, respectively (Fig. 5a). Similar trends were observed at optimum condensation 

temperatures (C1-120 ⁰C/C2-50 ⁰C) except that deviations at this temperature conditions 

(for all parameters bar inhibitors) were comparatively higher (Fig. 5b). With GE models like 

the UNIFAC-DMD being only valid to upper limit temperatures of 120 ⁰C [52], the 

comparatively higher deviations of model predictions observed at optimum condensation 

temperatures is of no surprise. The trends were no different for the case of miscanthus and 

coffee husk biomass feedstocks, where model predictions largely agree with experimental 

data (Fig. 6). 

For all three biomass feedstocks, at all temperature combinations investigated, mass 

fractions of substrates and inhibitors tend to be the parameters with the strongest 

deviations. Most especially for inhibitors, even more significant under-prediction of 

experimental data was observed at both conventional and optimum operating temperature 

conditions. This was attributed to their comparatively low concentrations relative to the 

overall amount of AC. One known limitation of the UNIFAC-DMD model is its inability to 

accurately handle the infinite dilution of hydrocarbons in water [56]. With the significantly 

low concentrations of these organic compounds in AC, the much stronger deviations 

observed are obvious. The deviations were also blamed on the effects of uncertainties of the 

pure component vapour pressure data for some of the compounds. Most especially with the 



compounds estimated using the Extended Antoine equation (arising due to lack of 

experimental data), some associated uncertainties are definite. Overall, the UNIFAC-DMD 

thermodynamic model to a greater extent predicted the VLE behaviour of fast pyrolysis 

vapours although its limitations in handling highly dilute concentrations of the organic 

compounds became evident. More complex group contribution models like the Group 

Contribution Associating Equation of State (GCA-EoS) can potentially lead to a better 

prediction of these phase equilibria and should be considered in future studies. 

3.2.2 Assessment of experimental data of the secondary parameters, “P/I” and “P/I * Yield of 
AC” with model predictions 

The experimental data of the parameters, “P/I” and “P/I * Yield of AC” at optimum 

condensation temperature conditions (C1-120 ⁰C/C2-50 ⁰C) were compared with 

conventional condensation temperature conditions (C1-90 ⁰C/C2-15 ⁰C). Again, as per 

experimental data available, the assessment was primarily conducted for wheat straw and 

miscanthus biomass feedstocks. Yet again, experimental data were compared with model 

predictions. 

In the assessment of “P/I * Yield of AC” for wheat straw and miscanthus biomass 

feedstocks, experimental data subsequently ascertained the fact that the optimum 

condensation temperature conditions was very suitable for producing more substrate 

compounds over inhibitors at an optimal recovery of AC. Experimental data recorded for this 

parameter increased by about thrice (wheat straw) and twice (miscanthus) as temperature 

increased from conventional to optimum conditions (Table 3). It is important to note that 

this parameter is a secondary computation of different terms and errors associated with 

each of the terms led to the weighty percentage deviations (within the ranges of +54 and 

+69%) of corresponding model-predicted values. Regardless of the weighty deviations of



model predictions from experimental values, the trends observed as temperature conditions 

increased from conventional to optimised conditions were quite consistent. 

Similar observations were made for the assessment of experimental data of “P/I”, 

where data (for wheat straw and miscanthus) recorded at optimum conditions were nearly 

twice those recorded at conventional conditions (Table 4). As observed for the case of “P/I * 

Yield of AC”, weighty deviations of model-predicted data from experimental data were also 

witnessed for this case, which was again corroborated to the accumulation of errors 

associated with the individual terms that make up the parameter (i.e., weight percent of 

promoters, P and inhibitors, I). 

Interestingly, miscanthus and coffee husk recorded higher experimental values of 

“P/I” and “P/I * Yield of AC” at optimum conditions than wheat straw. This suggests that 

miscanthus and coffee husk tend to be more promising sources of substrates recovery in AC 

as compared to wheat straw. 

These deductions underpin the fact that a carefully controlled fractional 

condensation of pyrolysis vapours does have a significant impact on the distribution of 

substrates and inhibitors in pyrolysis condensates. Similar pronouncements to this were 

made by Liaw et al. [33] when they investigated the effects of temperature variations on the 

first condensation unit (at a fixed temperature of the second) on the yield of AC and product 

distribution of compounds in AC from the fast pyrolysis of Douglas Fir Wood. They also 

reported increased production of substrates and AC yield at the expense of inhibitory 

compounds at high temperatures of C1. Their study, however, did not take into 

consideration the simultaneous variations of temperatures of both condensation units. 



Table 3. Comparison of experimental data of the parameter, “P/I * Yield of AC” at optimum (C1-120 ⁰C/C2-50 ⁰C) with conventional (C1-90 ⁰C/C2-15 ⁰C) condensation temperatures and their correlation with model predictions for all 
three biomass feedstocks. 

C1/C2 temperature 

combinations (⁰C) 

Wheat Straw Miscanthus Coffee Husk 

P/I * Yield of 

AC (exp.) 

Model 

prediction 
PD (%) 

P/I * Yield of AC 

(exp.) 

Model 

prediction 
PD (%) 

P/I * Yield of AC 

(exp.) 

Model 

prediction 
PD (%) 

120/50 2.61 (±0.00) 7.01 +63 3.53 (±0.20) 8.51 +59 4.03 (±0.33) 10.42 +61

90/15 1.15 (±0.03) 2.49 +54 1.92 (±0.21) 6.19 +69 N/A 7.74 N/A 

*exp.-experimental data; PD-percent deviation of model prediction from experimental data; N/A-no experimental data available.

Table 4. Comparison of experimental data of the parameter, “P/I” at optimum (C1-120 ⁰C/C2-50 ⁰C) with conventional (C1-90 ⁰C/C2-15 ⁰C) condensation temperatures and their correlation with model predictions for all three biomass 
feedstocks. 

C1/C2 Temperature 

combinations (⁰C) 

Wheat Straw Miscanthus Coffee Husk 

P/I (exp.) 
Model 

prediction 
PD (%) P/I (exp.) 

Model 

prediction 
PD (%) P/I (exp.) 

Model 

prediction 
PD (%) 

120/50 7.58 (±0.10) 19.70 +62 11.04 (±0.47) 23.11 +52 10.35 (±0.42) 25.37 +59

90/15 4.02 (±0.45) 8.74 +54 6.80 (±0.59) 23.26 +71 N/A 26.91 N/A 

*exp.-experimental data; PD-percent deviation of model prediction from experimental data; N/A-no experimental data available.



4. Conclusions

The study demonstrated that fractional condensation of biomass fast pyrolysis 

vapours can be adjusted to optimise the composition of low-temperature, aqueous pyrolysis 

condensates (AC) to be used as substrates for microbial cultivation. For temperature ranges 

investigated, combinations of 120 ⁰C and 50 ⁰C on the first and second staged condensers, 

respectively were found to be the most suitable conditions for which recovery of substrates 

and AC product yield were maximised. As maximising the yield of AC lowers that of the main 

pyrolysis product, the organic-rich condensate, future work must lay in the inclusion of 

techno-economic data such that the concept is still economically viable. 
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