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[bookmark: _Hlk495475023]This study investigates the production of low-alcohol beer (LAB) through simultaneous fermentation and ethanol stripping using a custom-instrumented lab-scale system. Fermentation was conducted at an elevated temperature (40 °C) under vacuum pressure (~200 mbar) to facilitate continuous ethanol evaporation, addressing the rising consumer demand for high-quality LAB (0.5% to 1.2% v/v). A robust empirical kinetic model, based on a second-order polynomial, was developed to predict the time-dependent decay of the wort's relative density. These real-time density predictions were successfully integrated with highly validated linear correlations to determine instantaneous real extract and alcohol by volume (ABV) levels. The process demonstrated high efficiency: high-gravity wort (~18 °Brix) yielded a final beer with 1.9% ABV under vacuum conditions, representing a significant reduction from the 7.5% ABV observed in atmospheric control runs. Subsequent dilution of the vacuum-fermented base easily achieved the target low-alcohol concentration of 1.2 ± 0.5% (v/v). These results confirm the technical feasibility of this integrated approach and establish a predictive modelling framework for the precise, high-temperature vacuum production of low-alcohol beer.
1. Introduction
The craft beer industry has experienced a significant shift towards non-alcoholic (NAB) and low-alcohol (LAB) beers with alcohol by volume (ABV) content less than 0.5%, and 0.5% to 1.2%, respectively. This trend is primarily driven by a global focus on health and wellness (Smith, 2024).
Producing high-quality NABs and LABs involves significant technical and economic hurdles for craft brewers. This is especially true in Italy, where the legal definition of Birra Artigianale —established by Art. 35 (Law 28 July 2016, n. 154) — strictly prohibits pasteurization and microfiltration. Because alcohol typically acts as a primary preservative, removing it creates a massive risk of microbial spoilage or refermentation in the package. Without the ability to use thermal stabilization, craft brewers face the double challenge of ensuring food safety while maintaining the strict standards required to keep their craft designation. Traditional methods for alcohol reduction can be broadly categorized into physical and biological approaches, each with limitations:
•	Physical Methods
o	Vacuum Distillation (VD): While relatively established and economical for achieving near-zero ABV, VD often causes a loss of desirable volatile aroma compounds, necessitating imperfect re-addition and resulting in a stripped flavor profile (Andrés-Iglesias et al., 2016). Advanced methods like Spinning Cone Column distillation offer superior aroma retention by operating at low temperatures and minimal residence time (Huerta-Pérez and Pérez-Correa, 2018).
o	Reverse Osmosis (RO): This process removes ethanol but also selectively removes linear-structured volatile compounds, diminishing the sensory profile. Furthermore, RO efficiency is highly sensitive to the beer matrix, with fouling and clogging posing significant operational challenges (Ramsey et al., 2021).
· Diafiltration and Pervaporation: Hybrid membrane systems, such as diafiltration coupled with pervaporation, can decouple ethanol removal from aroma loss by selectively recovering and re-integrating volatile compounds into the final beer (Di Matteo et al., 2021).
•	Biological Methods
· Arrested Fermentation: This involves stopping the fermentation early (e.g., by chilling or modified mash-
ing) to limit ethanol production. While retaining malt body, it often leaves undesirable wort-off flavors (e.g., sweet, wort-like, metallic) due to high concentrations of secondary metabolites like diacetyl and acetaldehyde.
o	Special Yeast Strains: This technique utilizes specific yeast (e.g., Torulaspora delbrueckii, Metschnikowia pulcherrima) that naturally produce minimal ethanol, often by being unable to metabolize maltose (the primary wort sugar). This approach requires extensive screening and optimization to ensure consumer safety and product quality (Michel et al., 2016).
To overcome the sensory limitations of traditional methods, novel approaches combining biological and physical techniques are being investigated. Kveik Voss, a traditional Norwegian farmhouse yeast, represents a promising biological tool. Genetically distinct from typical brewing Saccharomyces cerevisiae (Preiss et al., 2018), Kveik Voss is highly valued because it completes fermentation at 35-40 °C in as little as 48-72 h, producing a clean beer with desirable subtle fruity/citrus (orange) notes. Its resilience to high temperatures and ethanol is linked to an increased accumulation of stress-protectant sugar, intracellular trehalose (Foster et al., 2022). This combination of high-temperature tolerance and desirable flavor makes Kveik Voss an ideal candidate for integration into systems designed for simultaneous ethanol removal.
Building on preliminary results (Cimini et al., 2025), this study aimed to set up a 30-L vacuum fermentation system fully instrumented to perform beer fermentation at 40 °C under atmospheric versus vacuum pressure using the Kveik Voss yeast. The main goal was to compare the fermentation parameters and alcohol extraction efficiency under these two conditions for two different beer styles, ultimately working towards the production of a high-quality low-alcohol beer.  
2. Materials and Methods
Two wort samples were prepared (Low/High Gravity using Spraymalt Extra Light - Pinta, Marostica, Italy - and sucrose) in a 20-L deionized water base, including 20 mL of PHA Chinook Topnote hop extract (Mr. Malt®, Pasian di Prato, Italy). Ingredients were weighed using an 8-kg Kern FCB 8K0.1 balance (Kern & Sohn GmbH, Balingen, Germany). The 20-L batch was boiled for 10 min in a 70-L boiling tank (Marican Sas, Langhirano, Italy), then cooled to 40 °C. Wort was transferred using a magnetic pump MP-15rm (Wenzhou Haoquan Pump Co., Zhejiang, China) to a 30-L specifically designed stainless steel fermenter. Fermentation used 0.57 g/L of Kveik Voss yeast (LalBrew Voss™, Lallemand Brewing, Montreal, Canada) at 40 °C under either atmospheric pressure or vacuum (~200 mbar) for controlled alcohol removal via evaporative cooling. Fig. 1 shows a schematic drawing of the beer fermentation system used in this work. 


 
Figure 1: Schematic drawing of the beer fermentation system under vacuum, equipped with a double pipe condenser, a vacuum pump, balance scales, and temperature (TI) and pressure (PI) monitoring and controlling sensors. 

The system was built around a 30-L fermenter, equipped with a 600-W heating coil, a double pipe condenser having an inside diameter of 12 mm and a length of 0.7 m, and several monitoring instruments: Real-time density/temperature Float WiFi Hydrometer (Brewbrain BV, AL Den Haag, The Netherlands); precision density/ABV DMA 4500 M densimeter (Anton Paar Italia Srl, Rivoli, Italy); temperature sensor DS18B20 (TO-92 Type) (Analog Devices Inc., Limerick Ireland); digital (M5Stack Tube Pressure Unit U130) and analog (WIKA 232.50.063 Bourdon Tube) pressure probes; and two weighing gauges such as the distillate scale (Basic SBS-PT-40/1) and fermenter scale (SBS-PT-75C), both provided by Steinberg Systems (Berlin, Germany).
3. Results and Discussions
3.1 Comparative Fermentation Performance 
The performance of atmospheric (AP) and vacuum (UV) fermentations at ~40 °C is summarized in Table 1. 

Table 1: Experimental results of low-gravity (LG) and high-gravity (HG) wort fermentation under atmospheric (AP) and vacuum (UV) conditions.
	Run no.
	TF
	PF
	rrB0
	ER0
	S0
	tf
	rrBf
	ERf
	Sf
	Ef
	MCf
	ECf
	ME,Cf
	MET

	
	[°C]
	[mbar]
	[-]
	[g/L]
	[°Brix]
	[h]
	[-]
	[g/L]
	[°Brix]
	[%v/v]
	[kg]
	[% v/v]
	[g]
	[g]

	1 – LG-AP
	39.7±0.7
	1013.25
	1.033
	90.5
	8.7
	35.0
	1.008
	28.3
	1.37
	3.87
	-
	-
	0.0
	615

	2 – LG-AP
	39.9±0.5
	1013.25
	1.035
	90.5
	8.7
	42.5
	1.004
	29.0
	1.45
	3.82
	-
	-
	0.0
	611

	3 – LG-UV
	39.9±0.5
	177±11
	1.038
	103.5
	10.2
	44.3
	1.006
	32.2
	2.04
	2.14
	2.1
	15.6
	261
	557

	4 – HG-AP
	40.0±0.5
	1013.25
	1.073
	197.3
	18.3
	74.0
	1.011
	59.6
	3.21
	7.51
	
	
	0.0
	1041

	5 – HG-UV
	39.5±0.8
	191±11
	1.071
	191.7
	17.8
	67.8
	1.023
	74.2
	6.53
	1.89
	4.85
	20.1
	775
	976

	6 – HG-UV
	39.6±0.4
	211±12
	1.073
	197.3
	18.3
	78.1
	1.022
	72.1
	6.07
	2.62
	3.89
	22.5
	701
	1005


	All symbols are listed in the Nomenclature section.

Vacuum operation at ~200 mbar significantly enhanced ethanol stripping, effectively decoupling sugar consumption from final alcohol retention.
High-Gravity (HG) fermentations, starting at 195 ± 4 g/L real extract, exhibited a stark contrast in alcohol retention compared to atmospheric controls. While the atmospheric run (Run 4) reached 7.5% v/v ABV in 74 h, the vacuum runs (Runs 5–6) yielded a significantly lower average ABV of 2.3 ± 0.5 % v/v over a similar timeframe (73 ± 7 h). The vacuum process successfully stripped the produced ethanol into 4.4 ± 0.7 kg of condensate with an average ethanol concentration of 21 ± 2 % v/v. Notably, the final real extract (ERf) was higher in vacuum runs (~73 g/L) than in atmospheric runs (~60 g/L), reflecting the additional removal of water in the UV environment. Although the fermentation time for low-gravity wort (Run 3: 44.3 h) was shorter than for HG worts, the stoichiometric conversion remained consistent across all trials. The overall fermentation efficiency — calculated as total ethanol mass (MET) relative to initial extract — remained practically unchanged between AP (26.4%) and UV (25.5%) processes. These results confirm that the vacuum environment successfully converts high-gravity worts into low-alcohol bases without hindering yeast metabolic efficiency. From a circular-economy perspective, the recovered condensate should be classified as a high-value co-product rather than a secondary waste stream. In traditional low-alcohol beer production, the aggressive removal of ethanol typically leads to a significant loss of delicate volatile aroma compounds; however, this ethanol-rich fraction provides a strategic opportunity for rectification or specialized treatment to recover these natural, beer-derived flavor profiles. Furthermore, mass balance analysis confirms that approximately 75% of the total ethanol generated during High-Gravity vacuum runs (HG-UV) was effectively captured in the condensate, validating the high separation efficiency of the stripping interface at a moderate temperature of 40 °C. This dual-stream configuration — producing both a low-alcohol base and a concentrated spirit-like essence — substantially improves the overall process atom economy and offers industrial breweries a viable path toward revenue diversification.
3.2 Development of the Empirical Monitoring Framework
To enable real-time process control, a sequential monitoring framework was established. This approach allows for the indirect determination of critical fermentation variables—such as sugar consumption and alcohol formation—based solely on online density data. Table 2 lists the governing empirical correlations.
Table 2: Summary of empirical mass-based correlations for monitoring the fermentation process at 40 °C.
	Relationship
	Equation
	No.
	r2

	Density Validation: Sensor vs. reference densimeter.
	   
	(1)
	1.000

	Extract Conversion: Real extract vs. substrate consumption.
	
	(2)
	0.998

	Ethanol Yield: EtOH formation vs. substrate consumption.
	
	(3)
	0.995

	Mass Correlation: Substrate depletion vs. wort attenuation
	
	(4)
	0.999

	Kinetic Profile: Wort density attenuation over time
	 
	(5)
	-



3.2.1 Statistical Validation and Stoichiometry
The reliability of the online float Wi-Fi hydrometer (rrB,FH) was first confirmed by comparison with a high-precision offline densimeter DMA 4500 M (rrB,AP), yielding a near-perfect correspondence (r2 = 1.000; Table 2, Eq. 1), as shown in Fig. 2a.
a) [image: ]     	b)[image: ]
c)[image: ]	        d)[image: ]
Figure 2: Validation and empirical relationships for real-time fermentation monitoring. Symbols denote pressure (closed: atmospheric; open: vacuum) and gravity (low: ~9 °Brix; high: ~18 °Brix). a) Comparison of relative density measured online (rB,FH) via float WiFi hydrometer vs. offline (rB,AP) via Anton Paar densimeter; b) Real extract (DER) vs. sucrose equivalent (DS) reduction; c) Ethanol production (DE) vs. DS consumption; d) DS consumption vs. relative density variation (DrrB,HF).
This validation is critical for industrial application, as it ensures that low-cost, real-time sensors can replace labor-intensive manual sampling without compromising data integrity. 
Subsequent analysis of the fermentation broth revealed a stable linear relationship between real extract reduction (DER) and sucrose equivalent consumption (DS) (Eq. 2) – see Fig. 2b. Most significantly, the production of ethanol (DE, % v/v) exhibited a robust linear correlation with DS (Eq. 3). As shown in Figure 2c, this relationship was found to be independent of the operating pressure. This suggests that while vacuum conditions significantly accelerate ethanol removal and alter the process rate, they do not fundamentally deviate the yeast from its primary metabolic stoichiometry. To convert the empirical yield, expressed in [% (v/v)/°Brix] units, into the standard mass ethanol yield coefficient (YE), expressed in g of ethanol formed per g of substrate consumed, the ABV and sugar values were converted into weight concentrations using specific densities at 40 °C: ethanol (772 kg/m3), water (992.25 kg/m3), and the measured relative density of finished beer (1.011 ± 0.008). The resulting average yield factor for ethanol was 0.389 ± 0.004 g/g, or 2.892 ± 0.03 mol of ethanol per mol of sucrose equivalent consumed. 
This actual yield represents 72.4% of the theoretical Gay-Lussac maximum. The remaining fraction is attributed to biomass production and the synthesis of secondary metabolites—such as esters and higher alcohols—which are vital for the sensory profile of the resulting low-alcohol beer.
The consistency of the ethanol yield coefficient across all experimental runs suggests that the integrated process operates without compromising yeast vitality. This is evidenced by the absence of 'stuck' fermentations, as the Kveik Voss strain maintained its metabolic activity until full attenuation was reached, despite the combined stresses of high temperature and sub-atmospheric pressure. Furthermore, the stable stoichiometry confirms that no significant by-product deviations occurred; the yeast did not divert carbon flux toward stress-induced secondary metabolites that could otherwise negatively impact the sensory profile of the low-alcohol base.

3.2.2 Kinetic Modelling of Density Decay
The time course of the online relative density change (DrrB,FH) was successfully modeled using a second-order polynomial function (Table 2, Eq. 5). The empirical coefficients, 1 and 2, determined using the least squares method, characterize the fermentation dynamics across different gravities and pressures (Table 3).
In atmospheric trials, the initial rate coefficient (r1) was positive and largely independent of wort gravity. However, under vacuum, high-gravity wort (~18 °Brix) showed a significantly higher r1 (7.23  10-3), indicating an accelerated initial fermentation rate likely due to the immediate removal of inhibitory dissolved CO2. Conversely, the low-gravity vacuum trial exhibited a slight initial lag. This suggests a threshold effect where the stress of a low-pressure environment may require a brief period of yeast adaptation when substrate availability is lower. The quadratic term (r2) accounts for the curvature of the attenuation profile. In most runs, r2 was negative, reflecting the standard deceleration of yeast activity as nutrients are depleted and metabolites accumulate.
Table 3: Empirical parameters (1 and 2) of Eq. (5) and corresponding coefficients of determination (r2) for wort samples fermented at 40 °C under different initial gravities (S0) and pressures.
	S0 (°Brix)
	Condition
	r1
	r2
	r2

	~9
	Atmospheric Pressure
	(+1.35±0.08)10-3
	(-1.48±0.22)10-5
	0.977

	~9
	Under Vacuum
	(-1.06±0.40)10-4
	(+2.14±0.45)10-6
	0.928

	~18
	Atmospheric Pressure
	(+1.26±0.03)10-3
	(-1.29±0.08)10-5
	0.999

	~18
	Under Vacuum
	(+7.23±0.31)10-3
	(-2.45±0.01)10-5
	0.990



In atmospheric trials, the initial rate coefficient (r1) was positive and largely independent of wort gravity. However, under vacuum, high-gravity wort (~18 °Brix) showed a significantly higher r1 (7.23  10-3), indicating an accelerated initial fermentation rate likely due to the immediate removal of inhibitory dissolved CO2. Conversely, the low-gravity vacuum trial exhibited a slight initial lag. This suggests a threshold effect where the stress of a low-pressure environment may require a brief period of yeast adaptation when substrate availability is lower. The quadratic term (r2) accounts for the curvature of the attenuation profile. In most runs, r2 was negative, reflecting the standard deceleration of yeast activity as nutrients are depleted and metabolites accumulate.
3.3 Integrated Predictive Framework and Process Modeling
The integration of the established empirical correlations (Table 2) provides a robust predictive tool for real-time fermentation monitoring. By establishing a direct linear link between relative density and substrate consumption (Eq. 4), as shown in Fig. 2d, the system can provide real-time decision support for brewers. For any given time (t > 0), the following sequence allows for the estimation of fermentation parameters using only real-time density measurements (rrB,FH):
i.	Estimate Density Decay: Calculate the current change in relative density (DrrB,FH) via the second-order kinetic model (Eq. 5) as a function of elapsed time.
ii.	Determine Substrate Consumption: Derive the sucrose equivalent consumed (DS) from the density change using the validated mass correlation (Eq. 4).
iii.		Predict Alcohol Formation: Calculate the total ethanol formed (DE) from the substrate consumed (DS) using the pressure-independent yield relationship (Eq. 3).
To refine these predictions, the beer was modeled as a ternary mixture of water, ethanol, and sucrose equivalent. This allowed for the integration of Moresi’s (1989) vapor-liquid equilibrium model to estimate the fraction of ethanol stripped into the condensate. Furthermore, by assuming stoichiometric parity between CO2 and ethanol evolution, the framework accounts for ethanol losses due to degassing. This integrated approach allows operators to precisely determine the strike point  where fermentation should be halted or the vacuum altered to ensure the beer meets strict LAB legal limits while maximizing the recovery of aromatic ethanol-rich co-products.
4. Conclusions
This study demonstrates the feasibility of producing low-alcohol beer (LAB) through simultaneous fermentation and ethanol stripping using a high-temperature (40 °C) vacuum process (~200 mbar) with Kveik Voss yeast. Comparative trials confirmed the vacuum process significantly reduces final alcohol content, facilitating the achievement of target LAB concentrations via dilution, while simultaneously enabling co-product recovery through ethanol-rich condensates.
A robust empirical framework was developed to predict the fermentation time-course using real-time density measurements. The novelty of this approach rests on two key achievements:
i) Kinetic Accuracy: The successful modeling of fermentation progress using a streamlined second-order polynomial, allowing for precise real-time interpolation of wort attenuation.
ii) Stoichiometric Stability: The validation of a pressure-independent stoichiometry, confirming that the fundamental linear relationship between ethanol production and sugar consumption remains unaffected by vacuum conditions, which influence only the process rate.
While this empirical model provides a powerful tool for industrial process control, its predictive accuracy is optimized for the specific operating envelope investigated: a fermentation temperature of 40 °C, initial wort gravities between 1.033 and 1.073, and pressures ranging from 200 mbar to ambient.
Nomenclature
	ABV – alcohol by volume, % (v/v)
	UV – vacuum pressure

	AP – atmospheric pressure
	VD – vacuum distillation

	E – ethanol volumetric fraction, % (v/v)
	DER – real extract reduction, g/L

	ER – real extract content, g/L
	DS – sucrose equivalent consumption, °Brix

	HG – high-gravity wort
	r1 – linear empirical coefficient of Eq. (5)

	LAB – low-alcohol beer
	r2 – quadratic empirical coefficient of Eq. (5)

	LG - low-gravity wort
	rrB – relative density of beer, dimensionless

	Mi – amount of the i-th component, g
	rrBAP – offline relative density of beer

	NAB - non-alcoholic beer
	rrBFH – online relative density of beer

	PF – top fermenter pressure, mbar 
	Subscripts

	r2 – coefficient of determination
	0 – initial

	RO – reverse osmosis 
	C – condensate

	S – sucrose equivalent content, °Brix
	E – ethanol

	t – fermentation time, h
	f – final

	TF – fermentation temperature, °C
	T – total
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