
Energy 274 (2023) 127319

Available online 28 March 2023
0360-5442/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-
nc/4.0/).

Benchmarking composting, anaerobic digestion and dark fermentation for 
apple vinasse management as a strategy for sustainable energy production 
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A B S T R A C T   

Looking for renewable energy sources is one of the main targets in the transition to low-carbon economies. 
Bioenergy appears as an alternative with great potential, but firstly, it requires addressing all aspects that can 
limit its environmental viability. Stillage has been identified as an environmental concern of the bioethanol 
production. Thus, eco-friendly strategies for valorizing this resource should be pursued. In this work, three 
strategies such as composting (non-energy valorization), one-stage anaerobic digestion (with the aim of biogas 
production), and dark fermentation followed by anaerobic digestion (scheme under development to produce 
biohydrogen and biogas) were evaluated under a life-cycle perspective; and through process modeling based on 
literature data. The aim is to identify the advantages and disadvantages of dark fermentation for the management 
of apple stillage. To do this, a cradle-to-gate and attributional framework were followed, considering impact and 
damage perspectives. Results showed a very significant environmental load (around 99%) of composting 
compared to the selected energy recovery schemes, considering the added value of compost and the associated 
emissions versus those of biofuels. Otherwise, small differences were found between single-stage anaerobic 
digestion and dark fermentation (up to 16%), mainly, due to changes in chemical consumption and organic 
matter degradation efficiency.   

1. Introduction 

The strong dependence of energy and consumer goods on fossil re
sources requires the search for renewable sources to address the needs of 
society. It highlights the role of bioethanol as one of the most wide
spread biofuels, as well as the potential to use different types of 
renewable feedstocks, including waste streams from production pro
cesses [1]. The fermentation process also generates residues that require 
proper handling, such as vinasse, straw, bagasse, filter cake or molasses 
[2]. As an example, it is estimated that from 1 L of bioethanol, about 12 L 
of stillage is obtained [3]. This stream represents a valuable source of 
nutrients (N, P, K), which motivates its use in agricultural activities, 
mainly related to direct application for fertigation and soil erosion 
control [4]. However, its excessive application can modify soil pH and 
conductivity, and lead to eutrophication problems associated with 
nutrient leaching [5]. 

Several treatment strategies have been proposed in the literature to 

address the environmental concerns of stillage management. Some of 
them, such as aerobic treatment for the removal of nitrogen and organic 
matter, membrane technologies for wastewater concentration [6] and 
composting [7], are mostly applied, although it is desirable to promote 
other alternatives that add value to the process. In this case, the valo
rization of this stream with a view to produce biofertilizers, bioproducts, 
bioenergy and biomass is envisioned [8]. Considering the field of bio
energy as an urgent demand, it is a priority to define strategies in favor 
of energy products. One of the most popular bio-based energy valorizing 
alternatives is anaerobic digestion [9]. This waste management strategy 
fulfills the requirements of the zero-waste philosophy and simulta
neously reduces the energy losses from the metabolic activity of the 
microorganisms. The carbon compounds are not being transformed to 
their fully oxidized state to other energy-containing chemicals. How
ever, and in contrast to other valorization schemes such as aerobic 
composting, anaerobic digestion is not a self-heating process [10]. The 
energy from the bioproducts manufactured needs to be compensated by 
its energy demand. The result is a disagreement about the best 

* Corresponding author. 
E-mail address: sofia.estevez.rivadulla@usc.es (S. Estévez).  
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technology performance and a continuous race to optimize the process. 
While composting is more profitable at small scales and for the treat
ment of solid-state substrates composed mainly of cellulose and hemi
cellulose; anaerobic digestion has lower direct greenhouse emissions, 
leachate production, land occupation and increases the mineralization 
rates of nitrogen [11]. All seems to indicate that the selection of the 
valorization management strategy is strongly interlinked to specific 
purposes, rather to stand solely for one of them. 

Meanwhile this debate has been produced inside the scientific 
community, the European population is nowadays struggling with a 
sharp increase rate of energy prices (11% for electricity between 2021 
and 2022 compared to 2.5% in the period 2019–2020) and a decrease of 
availability [12]. Accordingly, the production of energetic “green” gases 
might help release the actual market pressure and move forward to a 
decarbonized production. Although the methane upgraded from biogas 
is the major bioenergy carrier in Europe (of the 32 TWh produced 
through biomethane around 90% came from anaerobic digestion) some 
of the other target products would be biohydrogen and biodiesel [13]. 

Bio-based H2 production can be carried out in processes with sun
light or artificial light: biophotolysis and photofermentation, or light- 
independent: dark fermentation and microbial electrolysis. In the case 
of the dark fermentation process, there are advantages and disadvan
tages to consider for its implementation. It can treat a variety of sub
strates with a simple reactor design, but the H2 production yield is low 
and requires additional treatment [14]. The incorporation of an anaer
obic digestion (AD) process (also named as two-stage anaerobic diges
tion) through a serial sequence improves the overall process indicators 
through the production of hydrogen and biogas [15]. Moreover, the AD 
alternative is widely studied and its implementation on an industrial 
scale is feasible [16]. Compared to the single stage anaerobic digestion 
for the biogas production, the dark fermentation-methanation system 
increases the overall organic matter utilization of the stillage and pro
vides a more stabilized digestate [17]. For example, Albini et al. [15] 
proved that the efficiency of the stabilization increased around 
6.5–40.6%. 

For this reason, this work addresses the performance, experience and 
innovation in the combination of dark fermentation and anaerobic 
digestion processes in order to close the biogas and biohydrogen cycle 
from an agri-food waste stream from a bioethanol production system. 
The environmental profile of a complex system must incorporate 
exhaustive information on all the processes involved in its life cycle, i.e., 
the holistic perspective of Life Cycle Analysis (LCA) will allow the 
identification of the environmental impacts for each and every stage of 
the process: from the management of raw materials, the production 
process as the core stage and the final use of biofuels, including the 
emissions associated with each of these stages. Recently, the literature 
review by Masilela and Pradham [18] identified the first dark fermen
tation LCA studies focusing on bio-based production, vehicle operations, 
thermophilic biological processes and feedstock influence. While this 
study is interesting as it addresses environmental analysis at laboratory 

and pilot scale, a more in-depth analysis is still pending in which the 
scope is broadened when considering the integrated process at industrial 
scale. 

According to the aforementioned review, most of the waste used as 
feedstock for the production of H2: rice husks, sugar cane juice, potato 
steam husks, wheat straw are of lignocellulosic nature. A potential raw 
material, due to its high level of production and consumption, could be 
the apple waste produced in the juice industry. The fraction of apple 
pomace represents 25–30% of the weight of fresh fruit, with a produc
tion volume of four million tons in 2020 [19]. An alternative for this 
stream could be the production of bioethanol, so that the stillage ob
tained as a by-product of this process has potential for recovery due to its 
high content of organic matter, potassium and calcium in its chemical 
composition, as well as moderate amounts of nitrogen and phosphorus 
[20]. 

The valorization of apple stillage for the joint production of H2 and 
biogas may represent a viable strategy to reduce the large volume of this 
by-product on an industrial scale and serve as a new alternative to 
promote low-carbon energy generation. This study deals with an envi
ronmental analysis of the valorization of stillage from the fractional 
distillation of bioethanol produced from apple pomace. A double 
objective was followed to provide information on, firstly, the compar
ative assessment of three apple stillage management considering com
posting (as the mostly applied strategy, but with a non-energy 
valorization purpose), anaerobic digestion (as a reference energy pro
cess) and dark fermentation (as a potential technology under develop
ment). Thus, different levels of innovation are under evaluation in order 
to identify the one that obtains the best environmental performance. 
Secondly, and focusing on the strategy of interest, the identification of 
critical hotspots of the dark fermentation process by modeling different 
operating conditions at an early stage of design. In this regard, the LCA 
methodology is used to support the decision-making process for the 
environmental optimization of dark fermentation as a win-win solution. 
To the knowledge of these authors, this is the first study to carry out an 
environmental LCA approach to the valorization of fruit stillage. A 
cradle-to-gate attributional analysis has been carried out taking into 
account both midpoint and endpoint categories to provide a broad 
environmental perspective on both potential impacts and damages. 

2. Materials and methods 

2.1. Process description 

The assessment of the environmental profile of processes under 
development through the Life Cycle Assessment methodology requires 
an initial stage of conceptual design of the full-scale process using 
modelling tools for different potential scenarios. In this case, three al
ternatives for the valorization of apple stillage were considered, ac
cording to the composition and characteristics reported by Hernández 
et al. [21]. The composting process was considered as the non-energy 

Nomenclature 

C Composting scenario 
COD Chemical Oxygen Demand 
D Anaerobic digestion scenario 
EC Ecosystems 
F Dark Fermentation with Anaerobic Digestion scenario 
FE Freshwater Eutrophication 
FRS Fossil Resource Scarcity 
FU Functional Unit 
GWP Global Warming Potential 
HH Human Health 

LCA Life Cycle Assessment 
LCI Life Cycle Inventory 
LU Land Use 
ME Marine Eutrophication 
RR Resources 
SBR Sequencing Batch Reactor 
TA Terrestrial Acidification 
TN Total Nitrogen 
TP Total Phosphorus 
TS Total solids 
VS Volatile solids 
WC Water Consumption  
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valorization alternative, while the energy approach was addressed ac
cording to two alternatives, from single-stage anaerobic digestion to the 
two-stage process combining dark fermentation with the anaerobic 
digestion. The treatment capacity was identical for all scenarios: 2000 t 
y− 1, considering an annual operating period of 330 d. As shown in Fig. 1, 
each of the facilities shares a common scheme based on feedstock 
pre-treatment (section SS1), biological reaction with batch operation 
(section SS2) and post-treatment (section SS3). 

Although the post-treatment scheme depends largely on the char
acteristics of the current coming from the reaction section, the initial 
pre-treatment step has been defined common to all scenarios. This 
similarity can be seen in Fig. 1 but also in Fig. 2, 3 and 4. In this sense, 
apple stillage from the apple bagasse distillery is fed directly to the 
process at 100 ◦C, pH 4.6 and 60% total solids as the wastewater 
treatment was implemented within the distillery industrial area. 
Therefore, temperature, solids concentration and pH were adjusted to 
meet the requirements of the reaction system SS2. In terms of temper
ature control, there are multitude types of heat exchange units for high 
viscous and concentrated streams, some of them reported by Peiter et al. 
[22] and Houdkova et al. [23]. 

However, based on the limitations encountered for a conceptual 
design from literature data, a generic heat exchange was assumed 
through energy balances for a first temperature reduction up to 35–70 ◦C 
(depending on the valorization alternative). In addition to energy re
covery through heat exchangers, the final temperature decrease was also 
complemented by the direct contact transfer between streams at 
different temperatures in the process tank TK-101 (those needed to 
fulfill the dilution requirements for apple vinasses): the effluent from the 
post-treatment section (partial recycle) and/or additional feed water at 
room temperature. This activity is carried out simultaneously with pH 
adjustment, stillage dilution and storage in a process tank (TK-101 in 
Figs. 2, 3 and 4), which also helps to buffer flow changes that may occur 
between the bagasse distillery and the stillage valorization facility. The 
pH adjustment was performed with sodium bicarbonate due to its 
buffering potential and minimal interference with bagasse quality. The 
TS concentration was reduced well below 41% in all scenarios, given 

that (except for Ambiogas) no commercially available technology is 
operating beyond this solid concentration [24]. 

2.1.1. Anaerobic digestion - scenario D 
Anaerobic digestion as the single treatment of stillage, hereafter 

referred to as Scenario D, is the process in which the organic matter of 
stillage from the previous pre-treatment step would be converted into 
biogas (60% CH4, 0.02% NH3, 0.2% H2 and 39.78% CO2) [22]. The 
acidogenic, acetogenic and methanogenic stages in anaerobic digestion 
will be developed at mesophilic temperature (35 ◦C), atmospheric 
pressure and pH 7. Therefore, around 430 g⋅batch− 1 of sodium bicar
bonate was fed in the SS1 section to compensate the acidity of the 
vinasses. 

After the SS1 section, the stillage is fed to the anaerobic reactor 
which is operated batchwise with a batch duration of 30 d [25]. The 
filling, emptying and preparation of the reactor took 24 h, 24 h and 24 h, 
respectively. As a result, a total of 10 batches are operated annually with 
a design volume of 681 m3 (considering an additional 10% value for 
equipment oversizing) and a silo-type shape. The sizing of the reactor 
was estimated though conceptual modelling considering the annual 
influent flowrate and the time needed to complete the above-named 
batches. The supernatant from the anaerobic digestion corresponding 
to the liquid reactor stream is fed to the post-treatment section and then 
the effluent from this stage is partially recycled back to the inlet stream 
(i.e., SS1). 

This recycled stream can be found in Fig. 2 after P-303 A/B, which is 
necessary for the dilution of vinasses and water savings from other 
sources (i.e., rivers and groundwaters). Due to this, the substrate is 
diluted to a TS concentration of 19.84%, which is expected to increase 
the biodegradability of the substrate and microbial biodiversity within 
the reactor [26]. Classified as dry anaerobic digestion (<25% TS) and 
with an initial C/N ratio of 24.4, the TS content was reduced to 10.2%. 

As shown in Fig. 2, R-201 reactor is followed by a solid-liquid sep
aration by decanting centrifuge of the digestate to obtain a cake and a 
filtrate, which has a concentration of 360 mg L− 1 of TS. The filtrate is 
then aerobically treated at 35 ◦C and pH 7 in a sequential batch reactor 

Fig. 1. Description of the system boundaries used in Life Cycle Assessment: Benchmark between scenarios. COD: Chemical Oxygen Demand; PM: Particulate matter; 
TN: Total Nitrogen; TP: Total phosphorus; TS: Total solids; VOC: Volatile Organic Compounds. 
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(SBR) to comply with the discharge requirements for treated effluents 
established by European legislation [27]. On the other hand, the cake 
could be, together with the sludge from the SBR, used as a biofertilizer 
[28]. In relation to gaseous emissions, the SBR equipment also generates 
pollutant emissions in the form of ammonia (NH3), nitrous oxide (N2O), 
methane (CH4) and carbon dioxide (CO2), whose contribution to 
different impact categories is established on the basis of the emission 
factors reported by Finzi et al. [29]. 

2.1.2. Composting process – scenario C 
Section SS2 of the composting configuration or Scenario C was 

designed based on a system known as a forced individual aerated 
windrow for the management of a waste with a TS concentration of 
40.2%, according to the recommendations of Rynk et al. [30]. Each 
batch of 337.9 m3 was composted with controlled aeration and tem
perature of 55 ◦C. The volume of the pile was estimated considering the 
flowrate of diluted vinasses for a continuous operation of the facility, 
and the residence time needed to complete the aerobic degradation of 
the organic matter. The land surface was assumed not to be limitation 
and thus the time needed to create/destruct the pile was not contem
plated [31]. Air was blown from inside the pile to reduce organic matter, 

remove excess moisture and heat with an air flow rate of 1642 m3 h− 1. 
The exhaust air stream represents the stage with gaseous emissions of 
water vapor, CO, CH4, N2O and NH3, which were quantified according 
to the manuscript published by Cortés et al. [32]. The volume and 
characteristics of the liquid effluent were estimated from literature data 
reported by Čeh et al. [33] and Irka et al. [34]. The transport of compost 
within the facility together with the management of this stream and its 
treatment in a wastewater treatment plant was considered to be part of 
the SS3 (post-treatment) section. The schematic of scenario C is shown in 
Fig. 3. 

2.1.3. Dark fermentation with anaerobic digestion – scenario F 
The combined process of dark fermentation and anaerobic digestion 

was named Scenario F (Fig. 4) and introduces significant modifications 
to Scenario D described above. While the SS2 section of the facility has a 
treatment capacity of apple stillage with identical TS concentration for 
the influent and the same digestate effluent flowrate (25.4 m3⋅h-1), this 
scenario includes a two-stage digestion system for the production of 
biohydrogen (60.12% CO2 and 39.88% H2) and biogas (60% CH4, 
39.78% CO2, 0.02% NH3 and 0.2% H2) separately in each unit. The 
effluent flowrate of the reaction system was settle considering the 

Fig. 2. Process diagram of the Scenario D (Standalone Anaerobic digestion).  

Fig. 3. Process diagram of the Scenario C (Composting).  
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following design decisions: i) fair environmental benchmarking between 
processes given that the scale of the post-treatment section remains 
equal for both scenarios and the operational differences are only due to 
the effluent composition, ii) the emptying time of the reaction system, 
iii) the volume of the biogas producer reactor and iv) the minimum 
flowrate design found for commercial centrifugal thickeners (i.e., Alfa 
Laval, EWHA ECO SYSTEM CO., LTD.). On top of that and considering 
that the TS concentration ranges from 10 to 28%, the reaction scheme 
could be classified as solid-state dark fermentation [35]. 

Considering that the single-stage system has a longer hydraulic 
residence time (HRT) than the two-stage system (3 d), the total volume 
of the stage reactor and the period considered for filling (2.4 h), 
emptying (2.4 h) and preparation (2.4 h) differ between the two. For this 
reason, the total volume of reaction is 268 m3 (four 62 m3 reactors, one 
for H2 production and three arranged in parallel for biogas). The reactor 
sizing has followed a similar procedure to the one already presented for 
Scenario D. 

In addition, it was necessary to consider a stillage neutralization step 
between each step to achieve the desired optimal conditions for 
methanation (16.3 g⋅batch− 1). The organic matter removal efficiency 
was finally approximately 1–2% higher than in single-stage anaerobic 
digestion. For this reason, with a post-treatment operation under the 
same conditions, the effluent had a lower concentration of organic 
matter. Therefore, effluent recycling allowed that process to become 
more efficient with respect to water consumption (external water was no 
longer needed). 

2.2. Assumptions and limitations 

Beyond the initial evaluation assumptions, it is necessary to establish 
the robustness of the data according to the uncertainty analysis of the 
process parameters. The starting assumptions considered for the 
modelling of the scenarios are shown below. 

(1) The energy lost though equipment walls was presumed negli
gible. This consideration was also extended to the piping system. 

(2) The pumping energy consumption of the installation was esti
mated from an energy balance in which the diameter was selected 
according to economic criteria. On the other hand, the particle 
size of the stillage was assumed to be less than 200 mm. 

Otherwise, other transport options for the stillage should have 
been considered due to clogging of the equipment by particle 
deposits.  

(3) The TK-101 storage tank is perfectly sealed and insulated and 
therefore emissions, such as CH4 and trace volatile organic 
compounds, are burned and vented. This is why diffuse methane 
emissions were not accounted for. 

(4) Carbon dioxide emissions were calculated based on a classifica
tion relative to their source origin (fossil or biogenic). This 
assumption was relevant when comparing biological processes 
since the transformation pathways of carbon compounds are 
different as well as the end products.  

(5) Since the composting system chosen for Scenario C is not sealed, 
but an open process element, there is no facility to collect diffuse 
emissions and therefore no treatment based on biofilters, or wet 
scrubbers was applied for this type of emissions.  

(6) Average values for air and water temperature in the surroundings 
were selected, so that the influence of climatic and seasonal 
conditions were not taken into account in the temperature vari
able. This assumption is especially important for the composting 
process, as the performance of non-reactor processes, such as 
windrows or static windrows, is affected by environmental con
ditions. In the case of the R-101 storage tank, being a closed 
vessel, environmental conditions in terms of temperature and 
precipitation do not affect the quality of the stillage.  

(7) The chemicals were diluted with process (or recycled) water 
necessary to adjust the TS content of the stillage.  

(8) Concentrations of potassium and contaminants such as heavy 
metals, antibiotics or siloxanes throughout the process steps were 
not taken into account to assess their effect on the overall mass 
balances, although removal rates were applied in each unit ac
cording to values reported in the literature.  

(9) Inhibition by heavy and light metals, long chain volatile fatty 
acids, furan derivatives and phenolic compounds were not 
considered.  

(10) Long distance emissions from truck or ship transport were not 
considered, as it was assumed that the bagasse and vinasse pro
cessing facilities were located within the same industrial complex 
(on-site waste treatment). 

Fig. 4. Process diagram of the scenario F (Dark Fermentation with Anaerobic Digestion).  
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(11) The effects on anaerobic digestion of the oxygen concentration 
present in the water stream required for the dilution of the stil
lage were neglected.  

(12) The pH was adjusted prior to the reaction mechanisms but was 
not controlled during the process. 

(13) The viscosity of the stillage was estimated as a function of tem
perature as if they were 66oBrix sugarcane stillage [36]. The heat 
capacity was estimated on the basis of data available for malbec 
grape juice concentrate [37].  

(14) It was assumed that the apple bagasse was properly processed to 
produce fermentable bioethanol so that the apple stillage was 
already free of metal solids and grit. 

2.3. Life Cycle Assessment 

2.3.1. Goal and scope definition 
A benchmarking study of the environmental performance of the dark 

fermentation process in comparison to anaerobic digestion and com
posting was carried out according to the LCA methodology in accor
dance with ISO 14040 [38] and 14044 [39]. The system boundaries can 
be classified as cradle-to-gate with a zero-burden allocation for 
waste/recycled products (the vinasses) and for the calculation of the 
impacts only the operation (for both background and foreground pro
cesses) of the facility was taken into account, as these are considered 
central in the assessment while the construction and decommissioning 
phases were outside the system boundaries. 

As multifunctional systems, it is necessary to consider an environ
mental impact allocation scheme by taking into account not only the 
vinasse valorization process, but also the manufacture of bioproducts 
such as H2, CH4, and fertilizers. Therefore, the selection of the functional 
unit (FU) is not an easy task. The subjectivity of FU preferences gives a 
large range of possibilities. Some of the most used in solid waste man
agement are “per t”, “per kg”, “per MJ”, “per t⋅y− 1” and “per y”, 
although there are others like “volume of hydrogen/biogas produced” 
and per kg of volatile solids degraded [40]. In this study, the selected FU 
refers to the treatment of 2000 t y− 1, the annual operation of the facil
ities of the apple stillage, following an attributional approach. 

2.3.2. Life cycle inventory 
The conceptual modelling of scenarios was carried out with data 

obtained from literature. Tables 1–3 show all data collected per func
tional unit for each scenario. Background processes associated with 
energy, chemicals and materials supply were taken from the Ecoinvent® 
3.8v database [41]. 

2.3.3. Life cycle impact assessment 
The flows from the inventory analysis were transformed into envi

ronmental contributions during this LCA stage and then impact and 
damage profiles were constructed for the assessed scenarios. The aim 
was to compare, identify hot spots and propose design strategies for 
better environmental performance. SimaPro® 9.3.0.2 was the software 
chosen to support the classification and characterization steps. ReCiPe 
2016 (H) midpoint v 1.06 was the selected impact method to translate 
(with global characterization factors) emissions from background and 
foreground processes into midpoint impacts [42]. For the environmental 
profile, the categories assessed are global warming potential (GWP - kg 
CO2-eq), terrestrial acidification (TA - kg SO2-eq), freshwater eutro
phication (FE - kg P-eq), marine eutrophication (ME - kg N-eq), land use 
(LU - m2a crop-eq), fossil resource scarcity (FRS - kg oil-eq) and water 
consumption (WC - m3). All of them were selected among some of the 
most used in the wastewater treatment sector while covering the specific 
needs and objectives previously named on the Introduction section [43]. 

The environmental consequences from the energy demand were 
displayed through GWP and TA, which are relevant categories for this 
study because of the main goal of the D and F scenarios (manufacturing 
of energy co-products). FE and ME are related to the emissions of TN, TP, 

and COD, typically measured in wastewater treatment processes to 
comply with legislation. LU measures the indirect impact of soil use, a 
category very related to the production of fertilizer given that they will 
be used for agricultural purposes or for soil remediation. FRS is used to 
conceptualize the idea that the operation of a valorization process, 
although it seeks to produce renewable materials from wastewater, is 
still dependent on the consumption of fossil resources. Finally, WC re
solves around the water balance of the process. While the facility pu
rifies the water, there is still an indirect and direct need of water for its 
operation. 

In addition, the three endpoint indicators human health (HH), 
resource scarcity (RR) and ecosystem quality (EQ) are quantified 
through the ReCiPe 2016 (H/H) endpoint world v1.06 method [42] to 
obtain a single score (using normalization and weighting factors). 

3. Results and discussion 

3.1. Environmental impact analysis (midpoint approach) 

3.1.1. Environmental profile of scenario D 
The environmental performance by relative contribution per section 

of scenario D is shown in Fig. 5a. The pre-treatment section (SS1) is the 
stage with the greatest influence on the profile of only two of the seven 
impact categories analyzed, with a total impact for LU of 45% and for 
WC of 65.5%. However, the post-treatment section (SS3) is the most 
impacting section of the scenario as it is the hotspot of the remaining five 
categories (GW, TA, FE, ME and FRS). In this respect, ME emerges as a 
category of concern with a score of around 85% for SS3. Stillage 
pumping from the pretreatment section and aeration from the post- 
treatment were the unit operations with the highest impact on the 
environmental profile. Their joint impacts were attributed to electricity 

Table 1 
LCA inventory for the apple vinasse scenario D (Standalone Anaerobic Diges
tion) for 2000 t⋅y− 1 treated.  

Inputs from the Technosphere Outputs to the Technosphere 

Materials Products 
Water 3.47⋅105 kg Biogas 80456.86 m3 

Sodium bicarbonate 4.29 kg  
Polymer 5615.99 kg Subproducts  

Fertilizer 
sludge 

2087.36 m3 

Energy  

Pumping to heat 
exchanger (P-101 A/B) 

1676.08 kWh Outputs to the nature 

Pumping to storage tank 
(P-102 A/B) 

7044.76 kWh Emissions to air from 
pretreatment 

Pumping to anaerobic 
digester (P-201 A/B) 

213.48 kWh CO2 565.31 kg 

Pumping to thickening (P- 
301 A/B) 

59.28 kWh Emissions to air from anoxic- 
oxic treatment 

Thickening (T-301 and T- 
302) 

662.77 kWh NH3 16.34 kg 

Pumping to oxic-anoxic 
treatment (P-302 A/B) 

0.43 kWh N2O 0.15 kg 

Aeration in aerobic 
treatment (B-301 A/B) 

5264.61 kWh CO2 12182.34 kg 

Mixing in oxic treatment 1039.07 kWh CH4 9.53 kg 

Pumping of biogas (P-303 
A/B) 

2064.13 kWh   

Emissions to water  
COD 22.88 kg  
TN 5.05 kg  
TP 5.66⋅10− 2 kg  
TS 4.64⋅10− 2 kg  
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consumption with rated results being in the range of 9.3–35.1% (GWP 
and LU), respectively. 

Indeed, as shown in Fig. 6, energy use in scenario D showed a strong 
effect on the environment in four impact categories (FE, LU, FRS, and 
WC). A share of more than 91% was identified with respect to the total 
estimated score for the LU category. On the other hand, direct emissions 
from process operation had a significant effect on the GWP and ME 
categories. In this respect, the CO2, CH4 and N2O components are the 
main contributors to the GW profile with about 47% of the impacts. 
Biogenic carbon dioxide emissions accounted for about 97% of the total 
carbon emissions, which should be considered if the process can be 
compared to technologies relying on non-biological resources. Other
wise, marine eutrophication was influenced by aqueous emissions 
mainly related to total nitrogen with a contribution of 72%. 

In addition to energy and direct emissions, the consumption of 
chemicals at the facility: sodium bicarbonate for pH control and poly
mers for thickening, presented a large contribution to environmental 
impacts and considering a joint contribution, percentages around 66% 
(related to FRS) were reached, which was mainly attributed due to the 
demand for polymers. 

3.1.2. Environmental profile of scenario C 
In contrast to Scenario D, the environmental profile of scenario C is 

mainly defined by section SS2 (biological reaction) except for the WC 
category, being representative in almost all categories from 87% (in ME) 
to 99.9% (in GWP) (shown in Fig. 5b). Windrow aeration and direct 
emissions from composting and the use of wheel loaders are operations 
that represent significant impacts. While the former represents a key role 
in impact categories such as FE, ME, LU, FRS and WC, direct gaseous 
emissions became relevant for GWP and TA loads (99% and 92%, 
respectively). Therefore, the profile is dominated by electricity demand 
in the air blower (for an average pile flow rate of 4.86 m3 h− 1 m− 3) and 

by carbon dioxide emissions (88.1% gaseous emission during compost
ing, 99.99% biogenic). Therefore, the background system is mainly 
controlled by energy consumption while chemical demand is negligible 
in comparison (below 0.1%, in all categories). 

3.1.3. Environmental profile of scenario F 
The environmental profile of Scenario F is similar to that obtained by 

Scenario D, as shown in Fig. 5c. The dark fermentation process followed 
by anaerobic digestion was characterized by very similar values of the 
impacts on the SS1 section (12–45% in scenario D and 15–43% in sce
nario F). Although we cannot identify a significant change, the viscosity 
of the stillage and how that parameter affects the energy needs for 
pumping do vary. Although the temperature in both scenarios corre
sponds to the mesophilic range (35 ◦C), scenario D is complemented by 
an external water at a much lower temperature. On the other hand, the 
involvement of SS1 in the environmental profile has been mitigated by a 
decrease in chemical demand to adjust the initial pH. In this scenario, 
dark fermentation operates at a lower pH than single-step anaerobic 
digestion. However, the reduction is only represented by 0.03–0.20% of 
the total impact generated by the section (compared to 0.05–0.34% for 
scenario D). 

However, the relevance of the environmental impacts in section SS3 
has decreased by values that can represent an improvement of up to 
7.5% (WC). The difference between the two scenarios is mainly due to 
polymer consumption during the thickening stage. In this sense, the 
removal of volatile solids in the two-stage system was considered 12% 
higher and therefore the solid load in the decanter centrifuge was 19% 
lower. 

Table 2 
LCA inventory for the apple vinasse scenario C (Composting) for 2000 t⋅y− 1 

treated.  

Inputs from the Technosphere Outputs to the 
Technosphere 

Materials Products 
Water 9.29⋅105 kg Compost 905.19 t 

Diesel from Wheel loader 
(W-201 and W-301) 

42.17 kg  

Sodium bicarbonate 5.88 kg Outputs to the nature  

Emissions to air from 
conditioning 

Energy CO2 514.82 kg 

Pumping to heat exchanger 
(P-101 A/B) 

1676.08 kWh Emissions to air from 
composting 

Pumping to storage tank (P- 
102 A/B) 

7044.76 kWh CO 312.46 kg 

Aeration of the pile (B-201 
A/B) 

102055.28 kWh CH4 3362.16 kg  

N2O 837.45 kg  
NH3 837.45 kg  

Emissions to air from loader  

CO 0.34 kg  
CH4 0.01 kg  
NOx 1.61 kg  
CO2 157.03 kg  
VOC 7.84⋅10− 2 kg  
PM 4.02⋅10− 2 kg  

Waste  

Wastewater treatment  
Leachate 27.88 m3  

Table 3 
LCA inventory for the apple vinasse scenario F (Dark Fermentation with 
Anaerobic Digestion) for 2000 t⋅y− 1 treated.  

Inputs from the Technosphere Outputs to the Technosphere 

Materials Products 
Sodium bicarbonate 4.29 kg Biohydrogen 53762.10 m3 

Polymer 4627.90 kg Biogas 88085.80 m3  

Subproducts 
Energy Fertilizer 

sludge 
1698.58 m3 

Pumping to heat 
exchanger (P-101 A/B) 

1676.08 kWh  

Pumping to storage tank 
(P-102 A/B) 

7824.67 kWh Outputs to the nature 

Pumping to dark 
fermentation reactor 
(P-201 A/B) 

214.19 kWh Emissions from pretreatment 

Pumping to anaerobic 
digester (P-202 A/B) 

214.19 kWh CO2 565.31 kg 

Pumping to thickening 
(P-301 A/B) 

53.55 kWh Emissions from anoxic-oxic 
treatment 

Thickening (T-301 and T- 
302) 

643.32 kWh NH3 17.70 kg 

Pumping to oxic-anoxic 
treatment (P-302 A/B) 

0.58 kWh N2O 0.16 kg 

Aeration in aerobic 
treatment (B-301 A/B) 

5264.61 kWh CO2 8512.59 kg 

Mixing in oxic treatment 1039.07 kWh CH4 10.32 kg 

Pumping of biohydrogen 
(B-201 A/B) 

0.58 kWh  

Pumping of biogas (B- 
202 A/B) 

2259.85 kWh Emissions to water  

COD 16.68 kg  
TN 5.25 kg  
TP 5.89⋅10− 2 kg  
TS 3.93⋅10− 2 kg  
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3.2. Environmental damage analysis (endpoint approach) 

3.2.1. Environmental profile of scenario D 
In this section the environmental results are expressed as damage 

categories and translated into a single overall score (see Fig. 7). In 
contrast to the results obtained with the mid-point approach, the 
endpoint analysis of the environmental cause-effect chain appeared to 
be defined mainly by direct emissions (42%). However, good energy 
management of the process also opens the possibility to improve the 
endpoint profile since about 24% of the damage comes from energy 
demand. On the other hand, and despite the low contribution (19 Pt out 
of 421 Pt) of the RR category to the single score, a relative share for 
energy of 19% was found in this category. In terms of the individualized 

contribution of the different sections, section SS3 was the most envi
ronmentally damaging (80% of the total score compared to 17% for SS1 
and 3% for SS2). 

3.2.2. Environmental profile of scenario C 
The environmental profile of scenario C in the endpoint perspective 

(shown in Fig. 7) presents the relevance of the HH damage category 
(around 88%) and direct emissions (99%). In contrast, RR (0.05%) and 
HH (12%) did not represent a significant contribution to the overall 
score compared to HH. 

The hotspot of the process was found in the biological reaction sec
tion (SS2), which accounted for about 99.8% of the overall damage 
score. The damage created by stillage transport and stack aeration was 

Fig. 5. Relative environmental profile for (a) scenario D, (b) scenario C and (c) scenario F. Scenario D: Standalone Anaerobic Digestion; Scenario C: Composting; 
Scenario F: Dark Fermentation with Anaerobic Digestion; GWP: Global Warming Potential; TA: Terrestrial Acidification; FE: Freshwater Eutrophication; ME: Marine 
Eutrophication; LU: Land Use; FRS: Fossil Resource Scarcity and WC: Water consumption. 

Fig. 6. Midpoint relative environmental profile for each scenario subdivided by source of impact. D: Standalone Anaerobic Digestion scenario; C: Composting 
scenario; F: Dark Fermentation with Anaerobic Digestion scenario; GWP: Global Warming Potential; TA: Terrestrial Acidification; FE: Freshwater Eutrophication; ME: 
Marine Eutrophication; LU: Land Use; FRS: Fossil Resource Scarcity and WC: Water consumption. 
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only 2%, while the largest impact came from direct emissions from the 
stack, with CO2 (87%) and N2O (8%) being the most important 
contributions. 

3.2.3. Environmental profile of scenario F 
The environmental profile of scenario F is similar to scenario D (see 

Fig. 7), with damage from direct emissions being the distinguishing 
feature (37%). While chemicals account for 30.4% of the profile of 
scenario D, the contribution of this utility for scenario F is slightly 
smaller (30%). In both cases, RR was the category that best identified the 
chemical effect on the environmental damage profile (81% and 76% for 
scenarios D and F, respectively). In addition to chemicals, the contri
bution of direct emissions also decreases from scenario D to F (42%– 
37%). The reason behind this change comes from the organic matter 
yield in the reaction system (the two-stage process was more efficient), 
which translates into reduced carbon dioxide and COD emissions from 
the oxic-anoxic treatment of the SS3 section (30% and 27% for each). 

According to the midpoint results, it could also be noted that the 
overall score achieved in the endpoint analysis also showed an increase 
in representativeness for section SS1 (from 14% to 17%) and a decrease 
for SS3 (83%–76%). 

3.3. Scenario and literature benchmarking 

Once the different scenarios have been analyzed with various per
spectives, the next step is the identification of the most advisable option 
from an environmental point of view. Although scenario D is the most 
competitive in four (TA, FE, ME and LU) of the seven categories analyzed 
(see Fig. 6), the differences between D and F can be considered minor or 
irrelevant compared to scenario C (they represent a 0.89% and 0.76% of 
the total impact of C in GWP, respectively). On the other hand, the 
disparity between the results of the two scenarios between each other is 
no more than 11% (value for LU), except for GWP and WC (14.6% and 
55.7% that seems to advocate for scenario F as a better option). In this 
regard, the inequality between results and categories and be arranged 
from large to minor as WC, GWP, LU, FE, FRS, ME, and TA. Considering 
a better performance in a greater number of categories, scenario D seems 
to provide a preferable profile. However, and taking into account the 
larger difference for GWP and WC, the selected valorization strategy 
should be F. This small difference is similar when the D and F scenarios 
were compared with the single score achieved by the endpoint analysis 
(see Fig. 7), so that the dark fermentation scenario is the most favorable 
with a difference of 16%. This is aligned with the technical improvement 
value for a two-stage system stated by Cremonez et al. [44] (around 13% 
improvement in VS degradation). Moreover, operational advantages 
have been identified in terms of operating flexibility and reactor size 
[44]. Although it seems that the direction of the results is encouraging 
the implementation of scenario F instead of D, the truth is that the 

difference between their profiles is not large enough to lean towards one 
of them. One of the reasons behind this could be the stability during the 
operation of biological processes. For example, Castelló et al. [45] has 
stated the potential problems and solutions for this issue in the dark 
fermentation process. The metabolic diversity of the microorganism’s 
population, inhibitory compounds, and fluid dynamics are some tougher 
factors to be implemented in a modeled process while they bring 
instability to the valorization treatment. Thus, LCA and design as
sumptions may lead to a drastic change in the environmental profile. 
Barrera et al. [46] studied the environmental performance of lagoon 
treatment systems for vinasses and compared the results with those 
retrieved from 18 alternatives for an anaerobic digestion scenario (with 
and without dilution of vinasses and considering biogas transformation 
to electricity with several engines). Although anaerobic digestion was 
favored with an average 77% (endpoint) reduction in the profile 
compared to lagooning, the difference observed between the results of 
anaerobic digestion alternatives reached about 15% [46]. Apart from 
this, Patterson et al. [47] reached similar findings for the valorization of 
wheat feed. They have reported larger benefits for dark fermentation 
when improving the process efficiency (i.e., with an increase of organic 
feed) and, thus, enhancing the energy outcomes as biohydrogen/biogas. 
If that is not the case, anaerobic digestion would give the best envi
ronmental profile [47]. Therefore, and although the research for dark 
fermentation seems to be going into the right direction to reduce the 
environmental profile compared to the technologies of D [47], the actual 
situation is that the dissimilarity between them is not large enough to 
opt for one technology (dark fermentation) instead of the other 
(anaerobic digestion). The selection should be focused instead on the 
type of products provided to fulfill market needs and socio-economic 
assessments. 

On the other hand, scenario C does appear to be the most unfavorable 
in all midpoint and endpoint categories with a difference of 99% 
compared to scenario D (see Figs. 6 and 7). The comparison highlights 
the divergences found for two key elements: energy consumption and 
direct emissions. The aerobic degradation of organic matter, which is 
transformed into carbon dioxide, is related to a higher energy demand of 
the blower for oxygen supply and the associated environmental impacts 
on emissions. Despite being primary biogenic, Fig. 6 shows, for the GWP 
category, how scenario D has lower direct emissions than C from stillage 
treatment (in all cases with the same composition). For this reason, and 
regardless of whether they are operated with or without oxygen defi
ciency, composting processes are penalized for not being able to recover 
organic matter as a valuable resource. 

Although not for vinasses, similar results were obtained from Beh
rooznia et al. [48] for composting when compared to anaerobic diges
tion. In this instance, the treatment of 100 t of municipal solid wastes 
lead to a reduction of 89.64% for the GWP (midpoint) and a 99.66% for 
a single score retrieved from the weighting of endpoint categories. As in 

Fig. 7. Endpoint damage profile for each scenario and type of contributing source (energy, chemicals, direct emissions, or others). Scenario D: Standalone Anaerobic 
Digestion; Scenario C: Composting; Scenario F: Dark Fermentation with Anaerobic Digestion; RR: Resources; HH: Human Health; EC: Ecosystems. 
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this study, direct emission and energy were the main hotspots. The 
former mostly affected human health and climate change, whereas 
electricity and diesel were relevant for the category of resources [48]. 
The outperformance of the anaerobic digestion system was also 
demonstrated by Edwards et al. [49] whose study showed better 
achievement in six out of eight categories compared to composting. 
Although only first ranked in GWP, FRS and TA in relationship to the 
seven technologies considered by Edwards et al. [49], it showed 
steadiness in the conclusions achieved for the GWP given that the un
certainty analysis confirmed 95% of the trials. 

Other alternatives/technologies have been analyzed with LCA for 
stillage such as conventional fertigation, concentration-fertigation and 
concentration-incineration. However, biological systems such as 
anaerobic digestion were not shown to be as competitive as the others. 
For example, the research performed by Silva Lora et al. [50] has only 
advocated for anaerobic digestion in one (abiotic depletion potential) 
out of the nine impact categories they have analyzed, and the outcomes 
led to a better performance of direct fertigation before the concentration 
of the stillage [50]. This is in line with the statements of Mayer et al. 
[51], which claimed in their study that same technological comparisons 
have drawn conclusions with different tendencies (i.e., the discussion 
about the performance of incineration and anaerobic digestion) and was 
driven in some cases by the substrate characteristics, such as moisture 
content [51]. 

Returning back to the benchmarking of scenario F with the results 
from other studies for stillage valorization, it seems to be limitations 
from an LCA perspective not related to technological (design of systems) 
or methodological (system boundaries and functional unit among 
others) factors but rather to the combination of the valorization system 
(dark fermentation) and the selected substrate. The research of Camacho 
et al. [52] can be highlight as an example of dark fermentation treatment 
and valorization of a mixture of wine vinasse with sewage sludge, 
however, the goal was the extraction of information related to the 
environmental viability of substrate, instead of technology 
benchmarking. 

Considering the substrate as uncertainty variable for the environ
mental performance of dark fermentation, the results comparison can 
also be made in relation to literature studies evaluating the different 
feedstocks. Thus, to analyze the results obtained focusing on the GWP 
category and scenario F, the impacts were recorded per kg H2 too. In this 
regard, GWP is then 0.152 kg CO2eq, considering a volume allocation 
approach (with an allocation factor of 37% for H2). For example, Wulf 
and Kaltschmitt [53] obtained a range of GHG emissions of about 3.5 
and 15.3 kg CO2eq per kg H2 for a cradle-to-grave analysis based on 
woody and herbaceous biomass, energy crops and organic by-products, 
among others. Furthermore, Djomo and Blumberga [54] followed a 
“well-to-tank” boundary (i.e., H2 combustion in the vehicle was not 
considered) and reported that GHG emissions ranged from 5.2 to 5.6 kg 
CO2eq per kg H2 from sweet sorghum stalk and wheat straw, respec
tively. Impacts related to the GWP category were caused by the flaring of 
natural gas for electricity production. The study of Manish and Banerjee 
[55] reported a GWP value of 3.4 kg CO2 per kg H2 for a two-stage 
bioprocess fed with sugar cane. In their definition of limits, they did 
not include gas treatment and compression as well as storage processes 
(similar to this study). In this regard, when Djomo and Blumberga [54] 
excluded the aforementioned stages, they obtained a GWP value close to 
Manish and Banerjee [55] of approximately 3.04 kg CO2 kg per kg H2. 
This highlights the relevance of boundary definition in comparing pro
files of technology alternatives. In a recently published paper, Reaño 
[56] is the only study to perform a gate-to-gate environmental analysis 
to compare six biohydrogen production processes. The dark fermenta
tion scenarios using a cogeneration system (CHP) and fossil fuels obtain 
a close GWP profile of approximately 10.9 kg CO2eq per kg H2 gas. The 
main sources of emissions were related to rice husk processing for the 
CHP system and diesel for electricity production, respectively. 
Furthermore, this approach only yields H2 as an end product (with solid 

waste as a by-product and related emissions). In this sense, the coupling 
of dark fermentation with anaerobic digestion seems to represent an 
efficient alternative from a multi-product perspective (H2 and biogas 
obtained as main products), which also benefits the environmental 
profile of H2 production (due to allocation loads). 

4. Conclusions 

This study has presented an environmental comparison of three 
strategies for the management of apple stillage from bioethanol pro
cessing: composting, anaerobic digestion and dark fermentation as pre- 
treatment of anaerobic digestion. In the midpoint perspective, stand- 
alone anaerobic digestion stands out as the most competitive strategy 
but with a marginal difference (up to 15% and 58% for GWP and WC, 
much lower for other categories) to the combined dark fermentation- 
anaerobic digestion scenario. However, from an end-point approach, 
the latter scenario represents the most environmentally friendly alter
native with a larger gap against anaerobic digestion (16%). 

An analysis of the contributing impacts in an endpoint methodology 
identifies direct emissions as the main contributor to the impacts, 
although energy consumption was highlighted as the main contributor 
in the midpoint approach. The balance identified in both the compara
tive scenario assessment and the scenario hotspots reflects the relevance 
of conducting a joint environmental analysis of impact and harm to 
analyze one or the other option in detail before the final decision- 
making process. A complementary analysis based on field data would 
allow validation of the results obtained, but this analysis requires a prior 
critical review of the processes proposed, so as to discard those that 
clearly do not point in a sustainable direction. This is why the impor
tance of this type of analysis is becoming increasingly important. It is 
preferable to propose a multi-criteria analysis approach that includes 
process modelling and analysis of environmental impacts for a tech
nology under development than to operate non-optimized systems in 
which a previous analysis could have provided hints for improvement. 
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Almazán del Olmo O. Issues to consider, existing tools and constraints in biofuels 
sustainability assessments. Energy 2011;36:2097–110. https://doi.org/10.1016/j. 
energy.2010.06.012. 
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