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ABSTRACT 
The growing concern over the environmental impacts of the wine industry has driven the search 
for sustainable technologies to manage its waste, particularly the residual sludge generated during 
effluent treatment. This sludge, rich in organic matter, represents a significant source of pollution 
if not properly treated. However, their energy content allows them to turn this environmental lia-
bility into an asset through innovative valorization. Hydrothermal liquefaction (HTL) emerges as a 
promising technology in this context. This process allows the direct conversion of residual sludge 
into high-energy-value liquid biofuels. Unlike other treatment methods, HTL can process wet bio-
mass without needing prior drying, making it particularly suitable for managing sludge from wine 
effluents. Thus, this research aims to evaluate the conversion of residual sludge derived from wine 
effluent treatment into biofuels through a hydrothermal liquefaction simulation, integrating this 
process into a sustainable biorefinery for levulinic acid and bioethanol production. The methodol-
ogy considers the determination of the composition and treatment of the wine effluent to define a 
case study. The biorefinery processes, as well as the HTL, are designed and simulated in Aspen 
Plus V.14, and also they are evaluated technically and economically. As a result, levulinic acid, 
sustainable aviation fuel, bioethanol, propylene glycol, and electrical energy are produced. In ad-
dition, the biorefinery reduces the effluent's Chemical Oxygen Demand (COD) by 99%. In conclu-
sion, valorizing suspended solids from wine effluents through HTL is technically and economically 
feasible.  
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INTRODUCTION 
The winemaking industry releases large quantities 

of waste, being wine effluents between them. According 
to Buitron et al. (2019) [1], the ratio of wastewater per liter 
of wine produced is 2-4. Due to its features, the effluent 
is treated by using biological processes, such as anaero-
bic fermentation [1]; unfortunately, the organic material 
remotion in wastewater generates considerable quanti-
ties of sludge, which represents a significant source of 
pollution if it is not adequately treated [2]. Sludge derived 
from effluent treatment can be valorized to generate new 
products. In the literature, several alternative processes 

for treating sludge are reported. These processes are 
feasible from a technical point of view, but they fail to 
reach economic viability. In this context, the concept of 
biorefinery arises. A biorefinery is an implemented pro-
cess involving unit operations aiming to transform raw 
materials, mainly biological ones, into a wide range of 
value-added products, biofuels, energy, or renewable 
materials [3].  

Among the value-added products, levulinic acid is 
highlighted. The National Renewable Energy Laboratory 
identifies 12 essential chemical compounds, which are 
value-added products that can be produced from sugars 
through biological or chemical conversions; among these 
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compounds is levulinic acid. This component presents 
enormous economic potential because it is a raw material 
of various industrially important chemicals, such as me-
thyl-tetrahydrofuran [4]. Besides, levulinic acid is a 
value-added product used in producing nylon, synthetic 
rubbers, plastics, and pharmaceuticals. 

On the other hand, biofuels and chemicals, bioetha-
nol, sustainable aviation fuel, and propylene glycol are of 
interest due to their wide applications in the industrial 
sectors. Bioethanol is a liquid biofuel from renewable bi-
omass sources such as agricultural waste, winery efflu-
ent, and lignocellulosic residues. Its increasing use in the 
energy matrix addresses the need to reduce dependence 
on fossil fuels and lower greenhouse gas emissions, 
thereby contributing to climate change mitigation and 
energy sustainability [5]. Moreover, propylene glycol and 
dipropylene glycol are used as an antifreeze liquid in air-
plane engines. Employing ethylene oxide hydration and 
propylene oxide hydration can produce a mixture of gly-
cols that have an industrial value [5]. Finally, sustainable 
aviation fuel is the best alternative for decarbonizing the 
aviation sector. 

Therefore, this work proposes using sludge derived 
from wine effluent treatment to produce levulinic acid, bi-
oethanol, propylene glycol, and sustainable aviation fuel. 
To the authors' knowledge, this approach has not been 
reported in the literature. For this, a biorefinery is mod-
eled and simulated, considering hydrothermal liquefac-
tion; this last technology is a promising solution to trans-
form wet biomass, such as sludge, into valuable bio-oil, 
offering advantages like waste volume reduction, energy 
recovery, and decrement of greenhouse gas emission 
[6]. 

METHODOLOGY 
The research is divided into six stages: 

1. Definition of a case study. It consists of considering 
a calculous base that represents an actual situation; 
according to that, the process feed stream is chem-
ically characterized using literature searching.  

2. Development of a conceptual design for biorefinery. 
It proposes the products obtained from the raw ma-
terial stream and the unit operations needed to 
reach them. 

3. Compilation of thermodynamic and chemical kinetic 
data. Through a literature search, chemical kinetic 
parameters and equations are joined to describe re-
actors' behavior. In addition, thermodynamic param-
eters are taken to guarantee a close approach to ac-
tual process performance. Carlson algorithm has 
been employed to define thermodynamic models in 
each unit operation [7]. 

4. Aspen Plus V.14 simulation. Using rigorous models, 
the conceptual design of biorefinery is simulated in 
Aspen Plus V.14.  

5. Parametric analysis. Sensitivity analyses are carried 
out for each unit operation to define the final values 
of manipulated variables. 

6. Technical and economic evaluation. Technic and 
economic parameters are calculated to evaluate the 
biorefinery performance. These are described by 
equations (1 - 12). Equipment costs are estimated by 
using the Guthrie method [8]. In addition, chemical 
oxygen demand (COD) is calculated using Aspen 
Plus V. 14 as a technical and environmental indica-
tor. 

𝑟𝑟𝑟𝑟𝑟𝑟 = 𝑜𝑜𝑜𝑜𝑜𝑜
𝑓𝑓𝑓𝑓𝑓𝑓

     (1) 

𝑐𝑐𝑐𝑐 = 𝑟𝑟𝑖𝑖𝑖𝑖−𝑟𝑟𝑜𝑜𝑜𝑜𝑜𝑜
𝑟𝑟𝑖𝑖𝑖𝑖

      (2) 

𝑌𝑌𝑌𝑌 = 𝑝𝑝𝑝𝑝𝑝𝑝
𝑡𝑡𝑡𝑡𝑡𝑡

      (3) 

𝑝𝑝𝑝𝑝𝑝𝑝 = 𝑚𝑚𝑚𝑚
𝑟𝑟𝑟𝑟𝑟𝑟

       (4) 

𝑃𝑃𝑃𝑃𝑃𝑃 = (𝐴𝐴ℎ)(𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 − 𝑟𝑟𝑟𝑟𝑟𝑟 − 𝑈𝑈𝐶𝐶𝑇𝑇) − (k)(EC)   (5) 

𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = ∑ ��𝑚𝑚𝑝𝑝𝑗𝑗��𝑝𝑝𝑝𝑝𝑗𝑗��
𝑗𝑗
1      (6) 

𝑟𝑟𝑟𝑟𝑟𝑟 = ∑ ��𝑟𝑟𝑟𝑟𝑚𝑚𝑔𝑔��𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑔𝑔��
𝑔𝑔
1      (7) 

𝑈𝑈𝐶𝐶𝑇𝑇 = ∑ 𝑈𝑈𝐶𝐶𝑖𝑖𝑖𝑖
1         (8) 

𝑘𝑘 = 𝑖𝑖(1+𝑖𝑖)𝑛𝑛

(1+𝑖𝑖)𝑛𝑛−1
     (9) 

𝐸𝐸𝐸𝐸 = 𝐶𝐶2 = 𝐶𝐶1 �
𝐼𝐼2
𝐼𝐼1
�      (10) 

𝐶𝐶𝐵𝐵𝐵𝐵 = 𝐶𝐶𝑃𝑃° (𝐵𝐵1 + 𝐵𝐵2𝐹𝐹𝑀𝑀𝐹𝐹𝑃𝑃)       (11) 

𝐿𝐿𝐿𝐿𝐿𝐿10𝐶𝐶𝑃𝑃° = 𝐾𝐾1 + 𝐾𝐾2𝐿𝐿𝐿𝐿𝐿𝐿10(A) + 𝐾𝐾3(𝐿𝐿𝐿𝐿𝐿𝐿10(A))2    (12) 

Where: rec = component recuperation, oms = output 
mass flow (kg/h), fms = feed mass flow (kg/h), cv =con-
version, rin = reactant input to process (mol/h), rout = re-
actant output to process (mol/h), Yd = Yield, pmf = moles 
of desired product formed (mol), tpm = theoretical prod-
uct moles (mol), pmr = product mass ratio, mp = product 
mass flow (kg/h), rmm = raw material mass flow (kg/h), 
PFT= Annual profit (USD/y), Ah = hours per year (8,766 
h/y), PSALE = product sale (USD/h), RMC = raw material 
cost (USD/h),  UCT = Utilities total cost (USD/h),  k = an-
nualization factor, EC = Equipment cost (USD), pp = 
product price (USD/kg), prmm = raw material price 
(USD/kg), UC = Utility cost, i = interest rate (10 %), n = 
project life period (20 years),  C°p = Equipment base cost 
(USD), A = capacity or measurement parameter for the 
equipment, (K1, K2, K3, B1, B2,) = Guthrie’s constants, FM = 
material factor, FP = pressure factor, CBM = module cost 
(USD), C1 = Equipment cost at reference time (USD), C2 = 
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Cost of equipment in the desired time (USD), I1 = Refer-
ence time cost index, I2 = Desired Time Cost Index. Sub-
scripts: j = product stream, g = raw material stream, i = 
utility. It is important to mention that utility costs are cal-
culated by using Aspen Plus V.14 software. 

Table 1 shows the wine effluent composition. The 
solids, which are considered the sludge's main compo-
nents, are represented by cellulose (C6H10O5), hemicellu-
lose (C5H8O4), lignin (C7.3H13.9O1.3), and lees (dead yeast, 
CH1.83O0.56N0.17) [9]. 
 
Table 1: Comparison between wine effluent and treated 
water. 

Parameter Wine effluent Treated water 
Mass Flow (kg/h)   
Water (% mass)   
Ethanol (% mass)   
Glucose(% mass)   
Solid (% mass)   
COD (PPM)           

 
Figure 1 represents the conceptual biorefinery. Wine 

effluent is fed to process through a decanter tank (DCT-
01), where some solids are separated from the liquid ma-
trix. NRTL is employed as a thermodynamic model for this 
unit operation. The remaining solids in the liquid phase 
are sent to the centrifuge (CN-01). This equipment uses 
NRTL as thermodynamic model. Liquid flow coming from 
CN-01 goes to reactive distillation column # 1 (RD-01); on 
the other side, the solids from CN-01 are mixed with 
those coming from DCT-01 to be pumped and heated for 
reaching the operational conditions in hydrothermal liq-
uefaction reactor (R-01). 

The liquid phase of water, ethanol, and glucose 
feeds RD-01. Inside the reactive column reactions (1) and 
(2), are carried out, Table 2. The kinetic parameters are 
taken from the literature [4].  Glucose is transformed to 
5-Hydroximetilfurfural, then converted to levulinic acid 
and formic acid. For RD-01 modeling, the Rad Frac block 
and NRTL thermodynamic model are employed.  The RD-
01 top releases ethanol and water to a conventional dis-
tillation column (DC-03). Moreover, the stream coming 
from the RD-01 bottom is constituted by levulinic, formic, 
and sulphuric acids; this stream is fed to DC-01, a con-
ventional distillation column that separates formic acid 
from the acid mixture. 

DC-01 is modeled by Rad Frac block and uses NRTL 
as a thermodynamic model. DC-01 bottoms are directed 
to DC-02, where levulinic acid is separated from the mix-
ture that contains the catalyst, H2SO4. DC-02 is simulated 
with the same rigorous models as DC-01. The catalyst is 
recirculated to RD-01. 

DC-03 purifies the water by releasing all the organic 
compounds, mainly ethanol and traces of formic acid, 

from its top. From the DC-03 bottom, treated water is ob-
tained. The thermodynamic model employed is Wilson, 
and Rad Frac block is used. 

RD-02 receives the diluted ethanol, 53.94 % mass 
from DC-03, and propylene oxide as raw material. Inside 
this reactive column, reactions (3) and (4) are carried out 
[5], Table 2. The water reacts with propylene oxide to get 
propylene glycol. In addition, propylene oxide reacts with 
propylene glycol to produce dipropylene glycol. Rad frac 
block and NRTL thermodynamic model are used. Kinetic 
parameters are obtained from the literature [5]. On the 
RD-02 top, bioethanol production is reached, while gly-
cols are released on the RD-02 bottom. It is important to 
mention that the glycol stream is coupled to the organic 
Rankine cycle, which uses R235FA as a working fluid to 
get electrical power; this aims to reduce electrical utility 
consumption. 
 
Table 2: Reactions carried out in reactive distillation col-
umns. 

 
 
R-01 is represented by the RBatch block and Peng-

Robinson thermodynamic model. The solid compounds 
are transformed into biogas, bio-oil, and aqueous phase 
[10-11]. Operational conditions reached by R-01 are 400 
°C and 220 bar. Reactions are described in Table 3. The 
kinetic parameters are taken from the literature [12]. 

Once products are obtained from R-01, they are 
separated using Flash Tank #1 (FL-01). FL-01 is modeled 
through a Sep block and NRTL thermodynamic model. 
Operational conditions are 20 °C and 1 bar.  

The biogas and aqueous phases are considered by-
products. The bio-oil is sent to the up-grading process in 
reactor #2 (R-02), the hydrotreatment. R-02 is a batch 
reactor, represented by RBatch block and Peng-Robin-
son thermodynamic model. It operates at 450 °C and 20 
MPa. The reactions involved are those shown in Table 4.  
Kinetic parameters are taken from the literature [13]. At 
the end of this unit operation, residual gas (mainly H2), 
biofuel, and aqueous phase are obtained. The mixture 
goes to Flash Tank #2 (FL-02). 

A Sep block represents FL-02 and uses the NRTL 
thermodynamic model. Operation conditions are 30 °C 
and 1.52 bar. The biofuel stream is fed to conventional 
distillation column #4 (DC-04). DC-04 separates naphtha 
from the top and sustainable aviation fuel (biojet fuel) by 
the column bottoms. This column uses a Rad frac block 
and BK-10 as thermodynamic models. 

 
 



 

Martínez et al. / LAPSE:2025.0518 Syst Control Trans 4:2278-2283 (2025) 2281  

Table 3: Reactions carried out in hydrothermal lique-
faction reactor. 

 

RESULTS 
As the study case, the wine effluent generated in a 

year by the Baja, California, Mexico wine industry is con-
sidered because this Mexican State generates 80% of 
national production [14,15]. Table 1 shows the study 
case's effluent characterization and the mass flow rates. 
Moreover, Table 5 shows the obtained products through 
the biorefinery scheme. 

According to Table 5, water, glycols, bioethanol, bi-
ogas, and levulinic acid represent 58.12%, 23.9%, 6.5%, 
3.89%, and 2.94% of the total production, respectively. 
These results are consistent with the inputs; the most 
abundant compound in wine effluents is water, which jus-
tifies that water has the highest value. The percentage of 
glycols comes from the reaction between the attached 
water in the diluted ethanol stream at the DC-03 dome 
outlet and the supplied propylene oxide. Although the 
solid presence is higher than ethanol and glucose in wine 
effluent, bioethanol and levulinic acid production are 
more significant than the biofuels (naphtha and sustain-
able aviation fuel) from sludge hydrothermal liquefaction. 
The cause is that not all solids produce bio-oil to upgrade 
to biofuels because they have both aqueous phase and 

biogas production; thus, bioethanol and levulinic acid 
production are more significant than liquid biofuels. 
 
Table 4: Reactions carried out in bio-oil hydrotreatment 
reactor. 

 
 
Table 5: Product mass flow 

Product Mass flow (kg/h) 
Biogas   
Naphtha  
Sustainable aviation fuel  
Levulinic acid  
Bioethanol   
Water   
Glycols   
Formic acid   
Residual gas   

 
Table 6 shows the technical indicators obtained. It 

is essential to highlight the conversion of solids and glu-
cose that reach 100%. This means finding a sustainable 
solution for managing all residual sludge in treating wine 
effluents is possible. Water recuperation seems to have 
a low value; however, a water mass flow is consumed in 
glycol production, and another part goes to the aqueous 
phase, with the mass balance of ethanol, in the sludge 
hydrothermal liquefaction. The glycol yield is attractive 
because it is greater than 95 %. The levulinic acid yield 
may not seem good enough. However, it has to be high-
lighted that the reaction to obtain levulinic acid involved 
the production of formic acid, so it represents an attrac-
tive yield for reaching a value higher than 50%. 

The ratios obtained in Table 6 give the impression 
that they are too small, though as shown in Table 1, the 
mass flow of wine effluent is several times greater than 
the obtained products. In addition, water is the main 
component of wine effluent, and it does not directly con-
tribute to almost all products except glycol production; it 
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provokes ratios that seem too insignificant. It does not 
happen with glycol production, where water is a reactant. 
 
Table 6: Technical indicators 

Parameter Value 
recWater  % 
recEthanol  %  
cvGlucose  %  
cvSolids  %  
YdLevulinic acid  % 
YdGlycol  % 
pmrBiogas  
pmrNaphtha  
pmrBiojet  
pmrLevulinic acid  
pmrBioethanol  
pmrWater  
pmrGlycols  
pmrFormic acid  
pmrResidual gas  
COD removed % 

 
For finishing the technical parameters, the COD re-

duction in treated water is so attractive because it is un-
der the Official Mexican Standards (NOM-001-SEMAR-
NAT-2021 and NOM-127-SSA1- 2021) that stipulate a 
COD level lower than 75 ppm is adequate to human use. 

On the other hand, Table 7 shows the economic in-
dicators. Regarding raw material cost, H2 constitutes 50.2 
% of the total, and the propylene oxide cost completes 
the balance. In product sales, levulinic acid gives the 
86.89 % of the total, glycols the 8.86%, and bioethanol 
the 1.89%. Considering utility cost, the reboiler in RD-01 

spent 91.52 % of the total; it is due to there being a large 
quantity of water and ethanol mass that has to be evap-
orated to separate it from the matrix with glucose, sul-
phuric acid, and formic acid; besides, it presents a higher 
reflux ratio, 20. these features consume too much en-
ergy, 136,043.28 kW.  

 
Table 7:  Economic indicators 

Parameter Value  
Raw material cost (USD/h) $ 
Product sale (USD/h) $ 

Levulinic acid (USD/kg) $ 
Glycols (USD/kg) $ 

Bioethanol (USD/Kg) $ 
SAF (USD/kg) $ 

Naphtha (USD/kg) $ 
Biogas (USD/kg) $ 

Utilities cost (USD/h) $ 
Equipment cost (USD) $  
Annual equipment cost (USD/y) $ 
Total annual cost (USD/y) $ 
Profit (USD/y) $ 

 
Regarding equipment cost, RD-01 represents the 

most expensive by using 41.45 % of the total, followed by 
R-01, the hydrothermal liquefaction reactor, with 23.51%, 
and R-02, the bio-oil hydrotreatment reactor. RD-01 has 
the highest cost due to its size and operational pressure, 
contributing to a more considerable equipment thick-
ness.  

 

 
Figure 1: Biorefinery scheme. Where DCT=Decanter tank, CN= Centrifuge, RD= Reactive distillation column, DC= 
Distillation column, R= reactor, FT= Flash tank, MX= Mixer, TB=Turbine, C= condenser, P= Pump, CP= 
Compressor, HX= Heat exchanger, MX= Mixer. 
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CONCLUSIONS 
This research presents the technical and economic 

feasibility of obtaining biofuels and value-added mole-
cules through a biorefinery scheme. Different products, 
such as levulinic acid, bioethanol, biogas, glycols, naph-
tha, sustainable aviation fuel, and formic acid, are ob-
tained from this biorefinery. This shows that the valuation 
of wine effluents and their sludge is possible using a bio-
refinery scheme. 

Regarding the economic analysis, it is clear that le-
vulinic acid production is essential in reaching the eco-
nomic feasibility of wine effluent and its sludge valoriza-
tion. However, expanding the range of generated prod-
ucts enhances the economic condition of the process, 
particularly when including biofuels, whose market price 
is lower than other higher-value-added products. 

The presented strategy provides an efficient solu-
tion for waste management in the wine industry. How-
ever, a similar approach can be implemented for other 
sludge types. Moreover, this strategy contributes to the 
transition toward a circular economy by turning waste 
into energy-rich and value-added products.  
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