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Abstract

Background: The daily use of water causes its degradation and must
be reclaimed to protect the environment. Wastewater treatment plants
(WWTPs) have environmental burdens associated with energy
consumption and sludge management. These burdens are linked, for
instance, to energy consumption and sludge management. To diminish
the environmental impact of the WWTPs, solutions like the developed
one in the LIFE B2E4sustainable-WWTP project (B2E) arose. The B2E
solution seeks to decrease some of the WWTP burdens by managing
in situ the sludge generated in the WWTP through a gasification stage,
valorising the syngas obtained in a cogeneration engine to produce
both thermal and electrical energy. This reduces both the environmental
impacts and costs derived from the sludge treatment by an external
entity, being a self-sustainable solution in terms of energy. The B2E
solution is designed for midsize WWTPs (10,000 and 100,000 PE), the
majority of the European WWTPs.

Methods: The Life Cycle Assessment (LCA) was selected to evaluate the
environmental performance of the B2E system. Six impact categories
were analysed under the environmental footprint methodology (EF 3.0):
climate change, freshwater ecotoxicity, freshwater eutrophication,
human toxicity (cancer and non-cancer) and resource use (fossils).
To check if the B2E solution reduced the environmental burdens,
a comparison with a baseline (BS) system, typically implemented in
midsize WWTPs, was performed.
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Results: The B2E system showed an environmental improvement
compared to the BS in the six studied impact categories. The largest
difference was observed in both human toxicity (cancer and non-
cancer) impact categories. Their impacts were 99% lower compared to
the BS. The reduction of the environmental impact for the rest of the
categories ranged between 19% and 48%.

Conclusions: These results demonstrate from an environmental point
of view that the B2E system has the potential to be implemented in
midsize WWTPs in the near future. However, the technology should
confirm these results under an operational environment to test the
whole system by obtaining only representative primary data, which
would enable future implementation strategies towards more efficient
and sustainable WWTPs.

Keywords: biosolid thermal valorisation; energy saving; sludge
management; sludge gasification; syngas production

1. Introduction

Freshwater is a vital natural resource; however, it is scarce, representing
only 3% of all water on Earth. Freshwater use in agriculture, households
and industry produces wastewater, which must be treated prior to
release to the environment or use in irrigation. This treatment is
achieved by wastewater treatment plants (WWTPs), which use diverse
processes to remove the pollutants that wastewater possesses in its
composition according to the legal framework and depending on the
final reclaimed water use [1]. WWTPs have been designed to protect
public human health and natural aquatic systems, through wastewater
recovery. However, the operation of the WWTPs presents environmental
burdens linked to energy and water use, by-product production,
chemical consumption, loss of scarce resources etc. [2,3]. Hence, there
is an opportunity to reduce their environmental impacts in light of
achieving the current climate change and emissions reduction goals
without compromising either human health or the environment.

Life Cycle Assessment (LCA) is one of the most frequently applied
methodologies to evaluate the environmental performance of WWTPs [4].
This methodology applied to WWTPs calculates and correlates the
utilization of raw materials and chemicals, the quality of treated
wastewater, the several emissions (gaseous, particulate matters etc.),
the production of primary and secondary sewage sludge, etc. to
characteristic indicators of specific environmental impacts [3]. The
expected result of each environmental LCA is not only the inventory of
the energy balance of the WWTP, but also to investigate optimization of
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the relationship between energy quality and wastewater. Hence, an LCA
is carried out to evaluate the environmental performance of a WWTP,
where those areas of improvement (hotspots) are identified [5].

The environmental performance of WWTPs has attracted attention of
both the wastewater sector and scientific community. In this way, there
has been extensive global LCA research on wastewater treatment and
sewage sludge management. Some examples related to the present
manuscript are studies to show: (i) the environmental benefits of
reclaiming wastewater for its reuse in agriculture [6,7]; and (ii) the
impacts testing diverse sludge treatments, where biological, chemical,
thermal-chemical options were examined [8-12]. According to Suh and
Rousseaux, among five sludge management treatments, the friendliest
scenario was a combination of anaerobic digestion and a subsequent
application in fields due to lower emissions and energy requirements [8].
In addition, this option was better concerning nutrient recovery [9].
Anaerobic digestion was also one of the best options to manage
sludge together with pyrolysis and supercritical water oxidation
according to Teoh and Li [10], who evaluated different studies; whereas,
incineration in cement kilns resulted in better balance in terms of
global warming over pyrolysis [11]. Finally, among other management
options, composting was the best cost-savings over incineration and
landfilling [12]. The latter group of studies [8-12] are directly linked to
the LIFE B2E4sustainable-WWTP (henceforth, B2E), begun in 2016. The
B2E solution aims to manage the sludge generated in the WWTP in situ
through a gasification stage, valorising the syngas obtained in a
cogeneration engine to produce both thermal and electrical energy [13].
Therefore, what the B2E project pursues is the management of the
sludge within the WWTP (reducing the costs derived from its external
treatment) and the reduction of energy consumption since the B2E
system was designed as a self-sustainable solution in terms of energy.
The B2E solution is at Technology Readiness Level (TRL) 7 and being
tested to reach TRL 8 in the following months. To the best of the authors’
knowledge, this integrated solution has not been studied before.

The objective of this study is to compare the environmental impacts of
the conventional sludge management method (Baseline, BS) used in the
majority of European wastewater treatment plants (10,000-100,000 PE
with an extended aeration biological treatment and lacking primary
settling and anaerobic digestion) with a new integrated solution (B2E)
that enables on-site management. The B2E system is an innovative and
efficient solution that reduces the environmental burdens in comparison
with the conventional sludge management option as shown in the
present study. On the other hand, as mentioned before, as the sludge is
managed in its own facility, the exploitation cost might be lower.
However, this fact depends on the sludge management treatment that
are currently being carried out by each facility as reported by Rostami
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et al. [12]. In addition, by mitigating environmental impacts, this approach
has a positive influence on society by preventing the release of
pollutants into the environment and thereby improving human health.

In conclusion, this study seeks to demonstrate that gasification can
serve as a viable short-term solution for sludge management, aligning
with the three pillars of sustainability: economic, environmental and
social considerations.

2. Materials and Methods
2.1 LCA methodology

The LCA is a multi-criteria tool to evaluate the environmental burdens
linked to a product or a service through its value chain [14]. An LCA study
is composed of four steps [15,16]:

(i) Goal and scope definition,

(i) Life Cycle Inventory (LCI) analysis,

(iii) Environmental impact assessment (Life Cycle Impact Assessment,
LCIA),

(iv) Results interpretation.

In detail, the first step defines the objective, the system boundaries and
the Functional Unit (FU) of the study. In the LCI analysis (second step),
the inputs and outputs (energy, raw materials, waste, emissions, etc.)
qguantification of the studied system are gathered and calculated by
using the adequate procedures. Moreover, these inputs and outputs are
referred to the FU [17]. The environmental impact assessment is the
third step, where the impacts of those inputs and outputs on the
environment are quantified. Finally, results from the LCI and the LCIA
are interpreted (fourth step) following the stated goal and scope [17].

2.1.1 Goal and scope definition

The objective of the present study was the evaluation of the
environmental impacts linked to the entire WWTPs with a treatment
capacity between 10,000 and 100,000 PE after implementing the B2E
process. In addition, the B2E solution was compared to the current
scenario (BS) present in the activated sludge WWTPs. The type of LCA
considered a “cradle-to-grave” study since the following stages were
taken into account: extraction of the raw materials (input wastewater)
and energy sources, production processes, product use and final
recycling/disposal of the wastes generated [15,16]. It is required to point
out that the sludge obtained in the BS is composted and subsequently
applied in agriculture (external management); whereas, the B2E system
allows the sludge management in situ, producing both heat and
electricity and saving in operating costs. Therefore, the B2E is a
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complementing process within the WWTP, being the comparison
carried out as follows: BS and BS + B2E. Figure 1 shows the flows and
processes included in the study within the BS, whereas Figure 2 displays
the B2E system. The boundary systems are also presented.
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Figure 1. Descriptive scheme of the BS system, where the TDSS is composted and applied in
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Figure 2. Descriptive scheme of the B2E system, where PSS (biosolids from MS) and TDSS
(biological sludge, thickened and dewatered) are thermally treated (drying and gasification),
resulting to energy production.
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The studied BS scenario is the one where the produced sewage sludge
is allowed to be used in agriculture only whether it is previously
composted, since the direct application of sewage sludge (without being
composted or anaerobically digested) is more and more restricted in
the European Union. In this case, the BS system is a WWTP with
composting of the dewatered sludge and application of compost in
agriculture (Figure 1). Firstly, the influent raw wastewater goes first
through a pre-treatment, where settleable solids, sands, greases and
oils are separated. Subsequently, the wastewater is pumped to the
biological aerobic reactor to reduce the concentration of biodegradable
organic matter and nutrients (Nitrogen - N and Phosphorus - P compounds)
to proper limits. The treated wastewater produced from the aeration
process, which is called secondary effluent, is finally disinfected with
sodium hypochlorite (NaClO) for reducing the pathogenic parameters
and remove non-biodegradable Chemical Oxygen Demand (COD). The
Secondary Sludge (SS) produced by the biological reactors is thickened
by gravity and dewatered using polyelectrolyte. Finally, the sludge is
composted and valorised in agriculture.

The scenario for comparison in the present study was the B2E solution.
As observed in Figure 2, an industrial Microsieve (MS), with a belt of
110 cm width and 350 pm pore opening, acting as an alternative primary
treatment, is placed between the pretreatment and the biological
process. This stage removes about 35-40% of the Total Solids, thus
producing Primary Sieved Solids (PSS) with 60-65% moisture content.
Afterwards, the PSS are blended with Thickened Dewatered Secondary
Sludge (TDSS) in a ratio of 19-81% (w/w), containing about 80% of
moisture. The PSS-TDSS blend is then dried in a solar drying system
(greenhouse type dryer with a mechanical turning of the sludge bed) up
to 60% Dry Solids (DS). Afterwards, the PSS-TDSS blend is passing
through an electrical dryer, ending up having 85% DS (optimum for the
upcoming gasification process), and then it is shaped into briquettes
and gasified in a downdraft gasifier. The generated syngas is combusted
in a co-generation engine, which is fed by a diesel-syngas mixture
(energy substitution ratio of 88%), producing both electric and thermal
energy. The thermal energy from syngas cooling, from the gasifier and
from the engine is used to dry the PSS-TDSS blend up to 85% DS,
as mentioned before. Finally, two residues are generated from the
gasification-syngas treatment process: ash and scrubber effluents,
being ex-situ managed. The scrubber effluents from the syngas cleaning
process are considered as industrial wastewater, so they are not suitable
to be treated in a WWTP; they have to be treated under specific conditions.

Regarding the FU, the treatment of 1 PE per year (1 PE-y) was selected
since it can be applied to different types of wastewaters, which do not
have similar contaminant loads. This is an advantage compared to using
1 m?® of wastewater treated, which present this issue and the
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Table 1 References used in

comparison between two different WWTPs cannot be performed under
the same conditions. Therefore, using the organic load linked to a PE
per year, the parameters defining the WWTP influent stay similar as 1
PE estimates a Biochemical Oxygen Demand (BOD) value of 60 g/day
and, thus, the comparison between different WWTPs can be carried out.
The present FU (1 PE-y) was also reported in other studies [18-21].

2.1.2 Life Cycle Inventory (LCI) analysis

The LCI analysis is formed of both data collection and calculations
required to quantify the inputs (energy and raw materials) and outputs
(emissions to air, soil and water) of the studied systems, according to
the FU [14]. Data collection was divided into two sources: primary and
secondary data. Primary data came from the experimental phase of the
B2E project, whereas the secondary data were obtained from
bibliographic sources and Sphera LCA software database used in the
present study. Table 1 gathers the references used in each stage. The
database was used for defining the LCI of the background processes. In
the case of foreground processes, secondary data were used only when
primary data were not available or representative at industrial scale. The
required information for defining the inventories was completed with
expert estimates, when appropriate. Additionally, it is important to
mention that each inventory flow was estimated using either primary or
secondary and, thus, neither secondary datum was directly used in the
inventories constructed for the B2E solution.

the present study to complete the inventories. The references were

gathered as a function of the item.

Item Reference Item Reference
Wastewater quality and removal [22,23] Electricity and fuel consumption linked to the [8,40,42]
yield composting process
Aeration electricity consumption [22,23] Emissions of diesel in non-road industrial mobile [42]
machinery
Yield and electricity consumption [24-27] Emissions derived for the compost use in [24,26,27,
in the sludge line and its quality agriculture 30,43-45]

Chemical consumption rate

N20 emissions

WWTP electricity consumption

Direct emissions linked to the
composting process

[22,24,28,29] [Fuel consumption linked to the agricultural machinery [46,47]

[27,30] IAtmospheric emissions linked to fuel consumption [42]
used in agricultural machinery

[31-39] Sludge calorific value and gasification yield [35,48]
[40,41] Direct emissions due to the diesel use in the [30,42]
dual engine

Tables 2 and 3 show the LCI of the foreground processes included in the
WWTP and in the sludge valorisation system, respectively, for a WWTP
of 60,000 PE, in the case of BS.
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Table 2 LCI of the WWTP in BS case (FU: 1 PE-y).
Inputs Outputs
From the technosphere To the technosphere
62,571
Influent flow ' m3 Sewage sludge (dewatered) 52.8 kg
Influent BOD 21.9kg Emissions to air
Influent TSS 13.1 kg N20 0.016 kg
Influent Total Kjeldahl Nitrogen (TKN) 48kgN Emissions to freshwater
Influent Total Phosphorus (TP) 0.7kg P BOD 0.8 kg NHs 0.01 kg
FeCl3 (100%) 3.1kg | TSS 1.1kg | PO4 0.19 kg
Polyelectrolyte (acrylonitrile, 100%) 0.1kg | NOs 1.4kg | Treated 62519 m?3
NaClO (14%) 3.13 kg N (organic) 1.0 kg water '
Electricity 128.4 M)
Chemicals transport 3.16 t-km

Table 3 LCI of the sludge valorisation system in BS case: composting and agricultural application

(FU: 1 PE~y).
Composting of dewatered sludge
Inputs Outputs
From the technosphere To the technosphere
Sewage sludge 52.8 kg | Compost 10.2 kg
Dry solid in sewage sludge 10.6 kg Dry solid in compost 6.6 kg
Nitrogen in sewage sludge 0.53 kg Nitrogen in compost 0.51 kg
Phosphorus in sewage sludge 0.59 kg Phosphorus in compost 0.59 kg
Diesel 0.084 kg Emissions to air
Sewage sludge transport 5.28 t-km | NH3 [ 12.7g |CO, @ 0.27 kg
Electricity 1.90 M) |[N20 1 10.6g |NOx 1.27g
CH4 1 1069 |N0@ 0.012 g
CH4 @ 0.003g |SO; @ 0.0017 g
cofl 0.60g |*NMVOCs [ 0.116 g
NHs 12! 0.0007 g |*PM10 [ 0.066 g
“PM2.5 (2] 0.066 g
Compost application in agriculture
Inputs Outputs
From the technosphere Emissions to air
Compost 10.2kg | NH3z Bl 0.085kg | N0 ™ 0.0006 g
Dry solid in compost 6.6 kg |N20 B3 0.009kg |[SO, ™ 0.0001 g
Nitrogen in compost 0.51 kg |CH4 0.0002g |NMVOCs 1 0.006 g
Phosphorus in compost 0.59kg |CcoM 0.031g |PM10M 0.003 g
Diesel 0.004 kg |CO2 ™ 0.013kg |PM2.5M 0.003 g
Compost transport 0.25t-km | NOx 0.068 g
N fertiliser subst. (27N, CAN) -1.17 kg Emissions to freshwater
P fertiliser subst. (46P20s, TPS) -1.98 kg |PO4*" 0.096 kg
Emissions to agricultural soil
[1] From composting process; Cd 0.32g |Ni 3749
[2] From diesel consumption in composting machinery; Cr 13.2g |Pb 103 g
[3] From compost application in soils; Cu 1459 |Zn 343¢g
[4] From Diesel consumption in agricultural machinery. Hg 02g |PO4* 0.008 kg

*

Particulate Matter 10 pm or less in diameter (PM10).

Particulate Matter 2.5 pm or less in diameter (PM2.5); Non-Methane Volatile Organic Compounds (NMVOCs);
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Subsequently, the inventories of the foreground processes considered
for the WWTP with the B2E solution implemented on it are shown.
Specifically, these processes are divided in the three following systems:
WWTP without B2E solution (Table 4), B2E solution (Table 5) and
industrial wastewater (scrubber effluents) treatment coming from the
syngas cleaning process (Table 6).

Table 4 LCI of the WWTP without B2E solution (FU: 1 PE-y).

Outputs
To the technosphere

Inputs
From the technosphere

Influent flow 62,571 m3
Influent BOD 21.9kg
Influent TSS 13.1 kg
Influent TKN 4.8 kg N
Influent TP 0.7 kg P
FeCl3 (100%) 2.96 kg
Polyelectrolyte (acrylonitrile, 100%) 0.08 kg
NacClO (14%) 3.13 kg
Electrical energy (net) 104.0 M)

Electrical energy (WWTP) 115.5 MJ

Electrical energy from biosolids 114 M)

treatment system
Chemicals transport 3.08 t-km

Biological sludge (dewatered) 45.7 kg

Emissions to air

N20 0.013 kg

Emissions to freshwater
BOD 0.8kg NHs 0.01 kg
TSS 1.1kg  POa 0.19kg
NOs . 14kg  Treated 62,515 m?
N (organic) 1.0kg  water

Table 5 LCI of the biosolids treatment (PSS and TDSS drying-gasification-energy production) (FU: 1 PE-y).

Inputs
From the technosphere

Influent to MS 62,571 m3
Biological sludge (dewatered) 45.7 kg
Tap water 2.22 kg
H2504 (96%) 0.89 kg
NaOH (50%) 0.44 kg
NaClO (14%) 0.44 kg
Diesel 0.39 kg
Electrical energy (net) 0.00 MJ
Electrical energy (MS) 9.09 MJ
Electrical energy (solar drier) 3.79 M)
Electrical energy (dryer) 4.43 MJ
Electrical energy (gasifier) 12.76 MJ
Electrical energy (self-consumed) -30.07 M)
Thermal energy (net) 0.00 MJ
Thermal energy (drier) 24.4 M)
Thermal energy (self-consumed) -24.4 M|
Chemicals transport (gas cleaning) 0.53 t-km

[1] From syngas-diesel combustion in engine.

Outputs
To the technosphere

MS effluent 62,561 m3
BOD to biological treatment 19.1 kg
N to biological treatment 4.7 kg
P to biological treatment 0.6 kg
Industrial wastewater 4.4 kg
Ashes 2.6 kg
Electrical energy (net) 11.4 M|

Electrical energy (from engine) 41.5 M|

Electrical energy (self-consumed) -30.1 M)
Thermal energy (net) 53.1 MJ

Thermal energy (from gasifier + engine) 77.4 MJ

Thermal energy (self-consumed) -24.4 M)
Industrial wastewater transport 0.22 t-km
Ashes transport 0.13 t-km

Emissions to air

CH4 1] 52.2 g
cofm 45559
Co, 1.23 kg
NOx [1] 40.6 g
N0 [1] 0.01g
SO, [ 0.78 g
NMVOCs '] 0.83g
PM10 [ 0.50g
PM2.5 1] 0.50 g
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Table 6 LCI of the industrial wastewater (scrubber effluents) generated from syngas cleaning

process (FU: 1 PEvy).

Inputs Outputs
From the technosphere To the technosphere
Industrial wastewater 4.4 kg Dewatered sludge to landfill 0.0044 kg
FeCl3 (100%) 0.001 kg | Treated water to a WWTP 4.36 kg
Electrical energy 0.0046 M)
Industrial wastewater transport 0.22 t-km
FeCls transport 0.0007 t-km
Dewatered sludge transport 0.0002 t-km

2.1.3 Life Cycle Impact Assessment (LCIA)

The LCIA aims at evaluating the significance of potential environmental
impacts, which were evaluated by using the Environmental Footprint (EF)
v3.0 methodology, included in Sphera LCA software (v10.5, Sphera
Solutions GmbH, Chicago, IL, USA). Among the 16 impact categories
analysed by the EF methodology, only 6 impact categories were
included in the present study: (i) climate change, (ii) freshwater
ecotoxicity, (iii) freshwater eutrophication, (iv) human toxicity (cancer),
(v) human toxicity (non-cancer), and (vi) resource use, fossils. These
impact categories were selected according to the specification of the
LIFE B2E project proposal, which stated that the LCA was going to be
focused on the following indicators: carbon footprint, energy footprint,
water footprint, impacts on human health and impacts on ecosystems,
as well as according to the criteria of the developer of this work. In
principle, another impact category to consider is water use. However,
both systems showed pretty similar positive effect on freshwater
consumption: BS (-2,669 m3eq) and B2E (-2,667 m3). Hence, this impact
category was not considered.

2.1.4 Interpretation of results

A contribution analysis was performed to determine the weight on the
total environmental impacts linked to each process of the studied
systems. This step served to identify the most relevant stages (hotspots),
in line with the goal and scope previously defined.

3. Results and Discussion

3.1 Environmental impacts related to the Baseline (BS) and Biosolids
to Energy (B2E) systems

In the present section, the results of the environmental impacts related
to each scenario are shown and discussed. For a better understanding
to the general audience, a short description of the units used in each
impact category is provided in Table 7.
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Table 7 Description of the different impact units depending on the impact category evaluated.

Impact category Impact units Description

Climate change Kg CO2-eq Metric measure to compare the emissions from various GHGs on the
basis of their global-warming potential, converting the amounts of
other gases to the equivalent amount of CO2 with the same global
warming potential.

Freshwater ecotoxicity CTUe The CTU. expresses the estimated potentially affected fraction of
species integrated over time and the volume of the freshwater
compartment per unit of mass of the chemical emitted

Freshwater eutrophication Kg Peq Indicator of the enrichment of the freshwater ecosystem with
nutritional elements, due to the emission of nitrogen or phosphor-
containing compounds

Human toxicity CTUn The CTUn expresses the estimated increase in morbidity in the total
(cancer and non-cancer) human population per unit mass of a chemical emitted (cases/kg)
Resource use, fossils M) Indicator of the depletion of natural fossil fuel resources.
W Electricity (WWTP) E Chemicals (transp. Incld.) OWWTP process
@ Biosolids thermal treatment O Thermal energy available @ Composting process
B Other
40.0
= 35.0
N
(] 30.0
o
g 25.0
(]
o 20.0
c
tu
< 15.0
(8]
S
= 10.0
£
= 5.0
i 1.78 1.27
0.0
-3.98
E
5.0 BS B2

“Other” in the BS included: sludge transport, composting (electricity and diesel production), compost use (transport, spreading and
fertilising) and the fertilisers substitution. “Other” in the B2E included: chemicals for cleaning gases (gasification) and its
transportation, tap water and diesel production, ashes (transport and landfilling) and industrial wastewater (transport and
treatment).

Figure 3 Contribution of the most relevant items involved in both BS and B2E solution within the
climate change impact category.
(i) Climate change

Figure 3 shows the results related to the most relevant processes within
both studied systems and their contribution to the climate change
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impact category, as the mass of carbon dioxide equivalent (COz.eq). As
observed, the BS system contributed a total of 38 kg CO;.eq, While the
B2E solution reduced that impact by 31.3%, up to 26.1 kg COz.eq. This is
directly linked to the valorisation of the sludge generated throughout
the wastewater treatment as mentioned below.

Going deeply to the studied systems, the largest contributor was the
electricity consumed in the WWTP for both cases, contributing about 38%
and 44.8% of the total impact for BS (14.5 kg CO»eq) and B2E (11.7 kg
CO2-«q), respectively. Also, the weight of electricity was higher on the B2E
system compared to the BS, but its contribution was 19.3% lower. The
lower electricity consumption of the B2E system with respect to the BS
is attributed to the following two factors: (i) Firstly, the removal of a part
of the Total Suspended Solids (TSS) through the microsieving process
helps to reduce the load reaching the biological reactors. This
contributes to the reduction of the electricity required for aeration and
the energy consumption to dewater the biological sludge since its
production is lower. (ii) Secondly, the B2E solution produces enough
electricity (coming from the co-generation engine) to supply the whole
system (including MS), so there is a surplus of electricity that is
consumed in the rest of the facility, further decreasing its net
consumption. After the electricity item, chemicals used in the WWTP
were the second (9.7 and 9.4 kg CO..q for the BS and B2E, respectively)
largest contributors for both systems in this impact category. As
previously mentioned, the MS removes part of the TSS, which cause a
reduction of the chemicals required in the biological stage (FeCls to
precipitate phosphates) and sludge concentration (polyelectrolyte to
dewater the sludge).

In the case of the BS system, the composting process results 7.3 kg
CO2-¢q (19.2% of the total impact) being the third process in importance.
The impact was mainly caused by methane (CH4) and nitrous oxide (N,O)
emissions generated when the organic matter is stabilized, as indicated
by other authors like Gonzalez et al. [49] and Li et al. [50]. In the case of
the B2E system, the third process with the greatest impact (-4.0 kg CO;-eq)
is the use of excess thermal energy from the facility. After biosolids
drying with the generated heat, there is a surplus which could be used
in another facility out of the WWTP. In this case it is a negative value,
since said use would mean the avoided production of an equivalent
amount of thermal energy by using natural gas to obtain steam.

Another significant impact over the whole system was the corresponding
of the processes involved in the WWTP, being the fourth in importance,
both in BS and B2E systems (4.8 kg CO;.eq and 3.9 kg CO».cq, respectively).
In this case, the emission is entirely due to the generation of N2.O that
takes place during the wastewater treatment process. The lower impact
of the B2E solution was because a part of the N contained in the
wastewater comes out in the primary sludge generated by the MS,
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decreasing the N load in the biological reactor and, thus, there are lower
N.O emissions in this step. Finally, the impact of the B2E system can be
highlighted, contributing with 3.9 kg COzeq due to the Greenhouse
Gases (GHG) emissions coming entirely from the dual engine within the
item “Biosolid Thermal Treatment”.

According to Rashid et al. [51], the generation and distribution of the
electricity is the main indirect contributor to the CO; emitted by a WWTP,
ranged between 14% and 36%. In the present study, this was in line with
the contribution of the electricity in the BS, which was 34.7% (13.2 kg
COz-q). In the case of the B2E, this percentage contribution was higher,
41.4%. However, the amount of the emitted indirect CO, was lower
(10.8 kg CO2-¢q) due to the valorisation of sludge within the B2E system.
On the other hand, another important contributor to the climate change
category is the N,O formed in the biological stage, where its
contribution ranges between 23% and 43% [51]. The weight of N,O in
the present study was not within this range, being lower than that one
in both cases: 12.6% (4.8 kg CO2.¢q in the BS) and 14.8% (3.9 kg COy-¢q in
the B2E). This might be explained because the N,O released varies not
only depending on the technology (removal of N percentage) but also
on the ratio of outlet N released as N,O considered to create the
inventories. In the present study, this ratio was 0.005 kg N,O/kg N [34];
whereas, other authors like Chai et al. [52] used 0.035 kg N.O/kg N,
seven times higher.

(ii) Freshwater ecotoxicity

In the case of the ecotoxicity impact category (Figure 4), the BS
contributed a total of 1,943 Comparative Toxic Units (CTU.), whereas the
B2E could reduce this impact by 47.5% (1,020 CTUe). The main two
contributors for the BS system were the item chemicals (manufacturing
and transport of FeCls, polyelectrolyte and NaClO) and compost
fertilising, 46.5% and 46% of the total impacts, respectively. In the case
of the B2E solution, the main contributor (85.3% of the total impact)
were the chemicals used during the wastewater treatment, being only
3.9% lower (871.7 CTUe) compared to the chemicals of the BS case
(907 CTUe). The lower used of chemicals in the case of the B2E was
explained in the previous subsection of climate change.

Therefore, the main difference came from the use of compost as a
fertiliser (897.3 CTUe), which is not required in the B2E solution. The
compost contains heavy metals, which enter the ecosystem by its
spreading on fields. In this case, the main impact came from copper (Cu),
contributing 760 CTU. (39.1% of the total ecotoxicity impact and 84.7%
of the sludge valorisation). The rest of the heavy metals contributed 6.35%
(Nickel, Ni), 4.11% (Cadmium, Cd), 2.80% (Zinc, Zn) and 1.73% (others).
The complete management of the sludge in fields (including sludge
transport, electricity and diesel in composting, etc.) resulted in an
impact of 901 CTU.(897.28 CTU. from compost fertilising item and 3.74
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CTUe from compost management in agriculture, included in “Other”).
Regarding the B2E system, the whole biosolids treatment also including
the MS, the ash and industrial wastewater (scrubber effluents)
treatment, but not the reduction of energy consumption of the
remaining WWTP, only contributed 34.6 CTUe; which is 26-folds lower
compared to the BS system.

W Electricity (WWTP) @ Chemicals (transp. Incld.) @ Compost fertilising B Other
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“Other” in the BS included: WWTP processes, sludge transport, composting (process, electricity and diesel
production), compost use (transport and spreading) and the fertilisers substitution. “Other” in the B2E included:
WWTP processes, chemicals for cleaning gases (gasification) and its transportation, tap water and diesel
production, biosolids thermal treatment and thermal availability, ashes (transport and landfill) and industrial
wastewater (transport and treatment).

Figure 4 Contribution of the most relevant items involved in both BS and B2E solution within the
ecotoxicity impact category.

(i) Freshwater eutrophication

The total impact on the freshwater eutrophication was 0.093 and
0.063 kg Peq for the BS and B2E systems, respectively. This meant a
reduction by 32.7% implementing the B2E technology in the WWTP. It is
interesting to mention that the main contributor was the WWTP process:
0.063 kg Peqin both cases. This emission to freshwater was caused by
the phosphate contained in the treated wastewater. As observed
checking the mentioned data, it was the only significant contributor in
the case of the B2E system. For the BS case, compost fertilising
contributed as well with a weight of 33.2% of the total impact (0.032 kg
Peq), due to the P content in the compost and part of that is released into
the freshwater by runoff as phosphate form [28]. Finally, it is interesting
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to mention that applying sludge in agriculture avoids the use of
chemical fertiliser. In this way, the item “compost fertilising substitution”
resulted in a positive effect (-1.38 x 107 kg Peq) within the present
impact category.

(iv)-(v) Human toxicity—cancer and non-cancer

These two impact categories (human toxicity—cancer and non-cancer),
are indicators related to the impact of toxic substances on humans
emitted to the environment. The main contributor of the BS system was
the process of “compost fertilising”, which contributed more than 99%
of the total impact in both categories (Table 8). On the other hand, in
the B2E solution, the main contributors (for human toxicity—cancer)
were the electricity and the chemicals consumed in the WWTP: about 37%
and 48%, respectively. Their weight within the total burdens contributed
with more than 85%, while these were only 0.6% in the case of the BS.
However, the value in electricity was 19% higher in the case of the BS,
compared to the implementation of the B2E solution and there was no
significant difference in the item “chemicals”. These results, besides the
fact that the biosolids are completely valorised by gasification and, thus,
no compost is used in fields, explained why the B2E solution showed
99.4% lower impact in the impact category “human toxicity—cancer”.
Going deeply into the compost fertilising stage of the BS case, the
impact was due to agricultural soil emissions (1.77 x 107® CTUx), mainly
caused by the presence of four heavy metals: mercury (Hg) with 45.28%;
chromium (Cr) with 37.70%; lead (Pb) with 8.82%; and Ni with 5.96%. In
comparison, within the biosolids treatment process of the B2E solution,
the heavy metals resulted in 7.28 x 107"° CTUn; being Hg (53.16%) and Cr
(31.32%) the main compounds released into the environment. This was
2,431 times lower compared to the BS, demonstrating that the B2E is a
very good option to valorise the sludge in the present impact category.
The high difference is attributed to the fact that in the case of B2E
system, heavy metals are ended up into the ash generated during the
gasification stage, which are managed by confining them into landfills;
significantly reducing its impact on the environment.

Something similar can be observed in the case of the impact category
“human toxicity—non-cancer”, whose difference between BS and B2E
system was 99.1% lower in the latter case (Table 8). Chemicals used in
the WWTP was the largest contributor (58.04%) for B2E solution,
representing only 0.58% in the case of the BS. However, the result for
this item was very similar for both systems (9.36 x 10~ and 9.57 x 107/,
respectively), being the emissions of Hg (47.65%) and chlorine (44.44%)
the main contributors from NaClO and FeCls (manufacturing and
transport), respectively. These compounds are released during the
chemicals manufacturing, being indirect emissions of the studied
processes. In the case of the compost fertilising stage (BS system), the
impact was also caused by the emissions of heavy metals to the
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agricultural soil; mainly Hg (57.88%) and Pb (33.45%). On the contrary,
for B2E solution, practically the only responsible of the impact
associated to the biosolids treatment (99.8% of its impact) was the
emission of carbon monoxide (CO) generated in the dual engine

(syngas valorisation stage).

Table 8 Value (CTUn) and weight of the total impact (%) of the main contributors (items) in both BS
and B2E solutions in the human toxicity impact category.

Human toxicity—cancer (CTUn)

Item Value of BS Weight of BS Value of B2E Weight of B2E
Electricity (WWTP) 5.12x 107 CTUn 0.29% 4.15x 107 CTUn 36.97%
Chemicals in WWTP (transport 5.47 x 107 CTUn 0.31% 5.41 x 107 CTUn 48.19%
and distribution)
Compost fertilising 1.77 x 107 CTUn 99.34% 0.00 0.00%

Human toxicity—non-cancer (CTUn)

Item Value of BS Weight of BS Value of B2E Weight of B2E
Chemicals in WWTP (transport 9.57 x 1077 CTUn 0.58% 9.36 x 1077 CTUn 58.04%
and distribution)
Biosolids thermal treatment 0.00 0.00% 4.92 x 1077 CTUn 30.50%
Compost fertilising 1.65 x 10 CTUn 99.36% 0.00 0.00%

(vi) Resource use, fossils

The overall environmental burden of the B2E solution was 18.7% lower
compared to the BS system. Figure 5 shows the environmental burdens
of the main contributors to the impact category of non-renewable
energy resources use linked to both studied systems. In both cases, the
electricity consumed in the WWTP contributed the most significant
impact, 60.3% and 46.6% for the BS and B2E systems, respectively. The
difference between the electricity consumption was deeply explained in
climate change subsection.

It is worth mentioning that both technologies present a positive effect
on the environment. On the one hand, using compost as a fertiliser, due
to its phosphorus and nitrogen content, contributes to avoiding the
extraction and manufacturing of mineral fertilisers (BS case); associated
with their corresponding uses of non-renewable energy resources. On
the other hand, there is a surplus of thermal energy once the biosolids
are dried that could be used in other facilities, saving fossil resources
(natural gas as an assumption in the present study). Comparing
both impacts (-22 MJ and -67.4 M), BS and B2E respectively), the
environmental credits are 3-folds higher in the case of the B2E system.
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“Other” in the BS included: WWTP processes, sludge transport, composting (process, electricity and diesel production) and
compost use (transport, spreading and fertilising). “Other” in the B2E included: WWTP processes, chemicals for cleaning gases
(gasification) and its transportation, tap water and diesel production, biosolid thermal treatment, ashes (transport and landfill)
and industrial wastewater (transport and treatment).

Figure 5 Contribution of the most relevant items involved in both BS and B2E solution within the
resource use impact category.

3.2 Comparison between BS and B2E systems without external
thermal energy valorisation

In the case of the B2E solution, one of the items that reduced the
environmental impacts was the generation and use of thermal energy.
As mentioned throughout the manuscript, the thermal energy is used
in situ to dry the biosolids, there being a surplus. If this surplus would
be used in other facilities, the consumption of fossil resources (natural
gas as an assumption) would be avoided. Therefore, it may be
interesting to display the results on the studied impact categories if the
surplus of thermal energy use is omitted.

As displayed in Table 9, the influence of using the surplus of thermal
energy was only observed in two out of six impact categories: climate
change and resource use. In the case of climate change impact category,
the improvement that entails the biosolids thermal treatment increased
from 20.8% to 31.3% (without and with thermal surplus use, respectively)
compared to the result linked to the BS system. Between both
possibilities of the B2E, the improvement on climate change was of 13.2%
if thermal surplus would be used. In the same way, the resource use
(fossil) category was improved by using thermal energy. In this case, it
had a clear effect on the mentioned impact category since without
thermal recovery, the BS and B2E systems would present almost the
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same impact (378 and 375 M, respectively). Therefore, using thermal
surplus energy from the gasification and syngas valorisation stages
would have a direct positive environmental effect.

Table 9 Comparison of the BS and the B2E systems with and without the influence of thermal
energy valorisation. The percentual difference between the BS and both cases of the B2E solution is

also shown.
B2E without B2E with
Impact category BS thermal Difference thermal Difference
valorisation valorisation
Climate change (kg CO2eq) 38.0 30.1 20.8% 26.1 31.3%
Ecotoxicity freshwater (CTUe) 1943 1021 47.5% 1020 47.5%
Eutrophication freshwater (kg Peq) 0.093 0.063 32.7% 0.063 32.7%
Human toxicity—cancer (CTUn) 1.78x10° 1.07x108 99.4% 1.02x108 99.4%
Human toxicity—non-cancer (CTUn) 1.66 x10*4 1.59x106 99.0% 1.57x10% 99.1%
Resource use, fossils (M]) 378 375 0.8% 307 18.7%

4. Conclusions and Future Works

The present study focused on the environmental effect provided by the
implementation of the B2E system in a midsize, activated sludge WWTP
(capacities between 10,000 and 100,000 PE), as the majority of the
European WWTPs. The B2E solution is a new way to manage the sludge
generated within a WWTP. The proposed B2E solution consists of an MS
as an alternative primary treatment, which removes part of the total
solids of the wastewater upfront the aeration tank, reducing the
biological sludge formation, electricity consumption and chemicals used
in the wastewater treatment. Afterwards, the biosolids obtained from
MS (called PSS, 60-65% moisture content) and from aeration-thickening-
dewatering processes (called TDSS, 80% moisture content) are blended,
solar dried, electrically dried and gasified, producing syngas that is
combusted in a co-generation engine, generating thermal and electric
energy. These in situ wastewater treatment and biosolids management
processes reduce the energy requirements. The LCA of the mentioned
system was the tool used to evaluate the environmental performance
of the B2E solution once implemented in a midsize WWTP, being also
compared to the current wastewater treatment (baseline).

A group of six impact categories was evaluated under the environmental
footprint methodology (EF 3.0): climate change, freshwater ecotoxicity,
freshwater eutrophication, human toxicity (cancer and non-cancer) and
resource use, fossils. The improvement of the B2E system compared to
the BS was shown in the six impact categories, particularly remarkable
the impact on human toxicity where B2E was 99.4% (cancer) and 99.1%
(non-cancer) lower. Regarding the rest of the assessed categories, the
B2E also contributed between 18.7% (resource use, fossils) and 47.5%
(freshwater ecotoxicity) lower impact.
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Moreover, the B2E system may also enhance the other two sustainability
areas: economic and social. On one hand, the in-situ sludge gasification
might reduce the exploitation costs. On the other hand, better
environmental performance is linked to a positive impact on human
health, improving the social aspect. Therefore, the B2E system provides
a novel solution not only for wastewater professionals to take
sustainability decisions but also for valuable insights and information
for researchers and policymakers. However, although the present
assessment displays that the B2E solution is a potential system to be
implemented, the technology should confirm these results by means of
tests and demonstrations of the complete system. Therefore, the
subsequent steps to perform are those assays that allow getting only
representative primary data and evaluating the whole B2E system
under an operational environment. Afterwards, the B2E system will
serve policy- and decision-makers for future implementation strategies
towards more efficient and sustainable WWTPs.

Availability of Data and Material

The datasets generated and/or analysed in the study may be obtained
from the corresponding author on reasonable request.

Funding

This research was co-funded by the European Commission under the
LIFE Framework Programme and the "GREEN FUND" of Greece. Project
title: “New concept for energy self-sustainable wastewater treatment
process and biosolids management (LIFE B2E4sustainable-WWTP)”",
Grant Agreement: LIFE16 ENV/GR/000298.

Competing Interests

The authors have declared that no competing interests exist.

Author Contributions

Conceptualization, methodology, software, validation and formal
analysis: A.L.G. and D.F.-G.; writing—original draft preparation: A.L.G.,
D.F.-G., A.M., K.T. and P.G.; writing—review and editing: A.L.G., D.F.-G.,
A.M., KT. and P.G. All authors have read and agreed to the published
version of the manuscript.

Abbreviations

The following abbreviations are used in this manuscript:



Green Energy and Sustainability 2023;3(3):0004 Page 20 of 24

B2E
BOD
BS
COoD
CTU
DS
EF
FU
GHG
LCA
LCI
LCIA
MS

LIFE B2E4sustainable-WWTP
Biochemical Oxygen Demand
Baseline

Chemical Oxygen Demand
Comparative Toxic Units

Dry Solids

Environmental Footprint
Functional Unit

Greenhouse Gases

Life Cycle Assessment

Life Cycle Inventory

Life Cycle Impact Assessment
Microsieve

NMVOCs Non-Methane Volatile Organic Compounds

PE Population Equivalent

PM2.s Particulate Matter 2.5 ym or less in diameter

PMsq Particulate Matter 10 um or less in diameter

PSS Primary Sieved Solids

SS Secondary Sludge

TDSS Thickened Dewatered Secondary Sludge

TKN Total Kjeldahl Nitrogen

TP Total Phosphorus

TRL Technology Readiness Level

TSS Total Suspended Solids

WWTP Wastewater Treatment Plant

References

1. Raghuvanshi S, Bhakar V, Sowmya C, Sangwan KS. Waste water
treatment plant Life Cycle Assessment: Treatment process to reuse
of water. Procedia CIRP. 2017;61:761-766. DOI

2. CorominasL, FoleyJ, Guest]S, Hospido A, Larsen HF, Morera S, et al.
Life cycle assessment applied to wastewater treatment: State of the
art. Water Res. 2013;47(15):5480-5492. DOI

3. Lopes TA de S, Matos Queiroz L, Kiperstok A. Environmental
performance of a full-scale wastewater treatment plant applying
Life Cycle Assessment. Ambient Agua Interdiscip ] Appl Sci.
2018;13(4):1-10. DOIL

4. Morera, Corominas L, Rigola M, Poch M, Comas J. Using a detailed
inventory of a large wastewater treatment plant to estimate the
relative importance of construction to the overall environmental
impacts. Water Res. 2017;122:614-623. DOI

5. Guereca LP, Musharrafie A, Martinez E, Hernadndez F, Padilla A,

Romero-Casallas L, et al. Life Cycle Inventory of the most
representative municipal wastewater treatment technologies of
Latin-America and the Caribbean. Proceedings XIVth IWRA World


https://doi.org/10.1016/j.procir.2016.11.170
https://doi.org/10.1016/j.watres.2013.06.049
https://doi.org/10.4136/ambi-agua.2216
https://doi.org/10.1016/j.watres.2017.05.069

Green Energy and Sustainability 2023;3(3):0004 Page 21 of 24

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Water Congress; 2011 Sep 25-29. Porto de Galinhas, Recife, Brazil.
2011.

Zhang QH, Wang XC, Xiong ]JQ, Chen R, Cao B. Application of Life
Cycle Assessment for an evaluation of wastewater treatment and
reuse project—Case study of Xi'an, China. Bioresour Technol.
2010;101(5):1421-1425. DOI

Buyukkamaci N, Karaca G. Life cycle assessment study on polishing
units for use of treated wastewater in agricultural reuse. Water Sci
Technol. 2017;76(12):3205-3212. DOI

Suh Y, Rousseaux P. An LCA of alternative wastewater sludge
treatment scenarios. Resour Conserv Recycl. 2002;35(3):191-200.
DOl

Hospido A, Moreira MT, Martin M, Rigola M, Feijoo G. Environmental
evaluation of different treatment processes for sludge from urban
wastewater treatments: Anaerobic digestion versus thermal
processes. Int ] Life Cycle Assess. 2005;10(5):336-345. DOI

Teoh SK, Li LY. Feasibility of alternative sewage sludge treatment
methods from a lifecycle assessment (LCA) perspective. ] Clean
Prod. 2020;247:119495. DOI

Houillon G, Jolliet O. Life cycle assessment of processes for the
treatment of wastewater urban sludge: Energy and global warming
analysis. ] Clean Prod. 2005;13(3):287-299. DOI

Rostami F, Tafazzoli SM, Aminian ST, Avami A. Comparative
assessment of sewage sludge disposal alternatives in Mashhad: a
life cycle perspective. Environ Sci Pollut Res. 2020;27(1):315-333.
DOl

LIFE B2E Consortium Project. LIFE B2E4sustainable-WWTP
[Internet]. 2016. [cited 2023 Apr 22]. Available from:
https://www.biosolids2energy.eu/home.html.
Fernandez-Gutiérrez D, ArgUelles A, Castejon Martinez G, Soriano
Disla JM, Lara-Guillén AJ. Unlocking new value from urban biowaste:
LCA of the VALUEWASTE biobased products. Sustainability.
2022;14(22):14962. DOI

ISO. ISO 14040:2006. Environmental management—Life Cycle
Assessment—Principles and framework. Geneva: ISO; 2006.

ISO. ISO 14044:2006. Environmental management—Life Cycle
Assessment—Requirements and guidelines. Geneva: ISO; 2006.
European Commision. Life Cycle Assessment (LCA) [Internet]. 2023
[cited 2023 Feb 28]. Available from: https://eplca.jrc.ec.europa.eu/
lifecycleassessment.html.

Hospido A, Moreira MT, Fernandez-Couto M, Feijoo G.
Environmental performance of a municipal wastewater treatment
plant. Int ] Life Cycle Assess. 2004;9(4):261-271. DOI

Renzoni R, Germain A. Life Cycle Assessment of water from the
pumping station to the wastewater treatment plant. Int ] Life Cycle
Assessment. 2007;12(2):118-126. DOI


https://doi.org/10.1016/j.biortech.2009.05.071
https://doi.org/10.2166/wst.2017.474
https://doi.org/10.1016/s0921-3449(01)00120-3
https://doi.org/10.1065/lca2005.05.210
https://doi.org/10.1016/j.jclepro.2019.119495
https://doi.org/10.1016/j.jclepro.2004.02.022
https://doi.org/10.1007/s11356-019-06709-3
https://doi.org/10.3390/su142214962
https://doi.org/10.1007/bf02978602
https://doi.org/10.1065/lca2005.12.243

Green Energy and Sustainability 2023;3(3):0004 Page 22 of 24

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Pasqualino JC, Meneses M, Castells F. Life Cycle Assessment of
urban wastewater reclamation and reuse alternatives. ] Ind Ecol.
2011;15(1):49-63. DOI

Renou S, Thomas JS, Aoustin E, Pons MN. Influence of impact
assessment methods in wastewater treatment LCA. ] Clean Prod.
2008;16(10):1098-1105. DOI

Metcalf & Eddy, Inc., Tchobanoglous, G., Stensel, H. D., Burton, F. L.
Wastewater Engineering: Treatment and Reuse.
5th ed. New York: McGraw-Hill; 2013.

Lehmann AH. Wastewater Treatment Plant Design Manual. 2nd ed.
Madrid: Garceta Grupo Editorial; 2015. 380 p. Spanish.

Doka G. Life Cycle Inventories of Waste Treatment Services.
Dubendorf: Swiss Centre for Life Cycle Inventories; 2003. Ecoinvent
Report No. 13.

Mantovi P, Baldoni G, Toderi G. Reuse of liquid, dewatered, and
composted sewage sludge on agricultural land: effects of long-
term application on soil and crop. Water Res. 2005;39(2):289-296.
DOl

Heimersson S, Svanstrom M, Laera G, Peters G. Life cycle inventory
practices for major nitrogen, phosphorus and carbon flows in
wastewater and sludge management systems. Int ] Life Cycle
Assess. 2016;21(8):1197-1212. DOI

Morelli B, Cashman S, Arden S, Ma X, Turgeon J, Garland J, et al. Life
cycle assessment and cost analysis of municipal wastewater
treatment expansion options for food waste anaerobic co-digestion.
Washington, D.C.: U.S. Environmental Protection Agency; 2019.
EPA/600/R-19/094.

Suez Degrémont. Water treatment handbook. 7th ed. Cachan:
Lavoisier; 2007. ISBN-13: 978-2743009700

Iglesias Esteban R. Reuse of treated effluents in spain: retrospective,
development of the regulatory framework, study of regeneration
technologies vs. Membrane bioreactors and their costs depending
on use. Madrid: Universidad Politécnica de Madrid; 2016. Spanish.
Intergovernmental Panel on Climate Change (IPCC). 2006 IPCC
Guidelines for National Greenhouse Gas Inventories [Internet].
Japan: National Greenhouse Gas Inventories Programme (IGES);
2006. [cited 2023 Apr 30]. Available from: https://www.ipcc-
nggip.iges.or.jp/public/2006gl/.

Klein G, Krebs M, Hall V, O’Brien T, Blevins BB. California’s Water—
Energy Relationship. Prepared in Support of the 2005 Integrated
Energy Policy Report Proceeding (04-IEPR-01E). Sacramento, CA:
California Energy Commission; 2005.

Carlson SW, Walburger A. Energy index development for
benchmarking water and wastewater utilities [Internet]. AWWA
Research Foundation, California Energy Commision and New York
State Energy Research and Development Authority. 2007. [cited


https://doi.org/10.1111/j.1530-9290.2010.00293.x
https://doi.org/10.1016/j.jclepro.2007.06.003
https://doi.org/10.1016/j.watres.2004.10.003
https://doi.org/10.1007/s11367-016-1095-8

Green Energy and Sustainability 2023;3(3):0004 Page 23 of 24

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

2023 Apr 25]. Available from: https://www.nyserda.ny.gov/-
/media/Project/Nyserda/Files/EERP/Commercial/Sector/Municipal
-Water-Wastewater-Facilities/benchmarking-water-wastewater-
utilities.pdf.

Sala L. Energy balances of the water cycle and experiences of
planned reuse in municipalities of the Costa Brava [Internet].
International Seminar of Water, Energy and Climate Change; 2007
Oct 29-31; Valencia, Spain. [cited 2023 Apr 25]. Available from:
https://www.cacbgi.cat/wp-content/uploads/2021/02/valencia_
2007_sala.pdf. Spanish.

Murgui Mezquita M, Cabrera Marcet E, Pardo Picazo MA, Cabrera
Rochera E. Estimation of energy consumption linked to water use
in the city of Valencia. Water Engineering Conference; 2009 Oct 27-
28; Madrid, Spain. [cited 2023 Apr 25]. Available from:
https://ita.upv.es/idi/descargaarticulo.php?id=224. Spanish.

IDAE. Prospective Study on Energy Consumption in the Water
Sector [Internet]. Ministry of Industry, Energy and Tourism, Escuela
de Organizacion Industrial Foundation. 2012. [cited 2023 Apr 26].
Available from: https://www.idae.es/uploads/documentos/
documentos_Estudio_de_prospectiva_Consumo_Energetico_en_el_
sector_del_agua_2010_020f8db6.pdf. Spanish.

Cooley H, Wilkinson R. Implications of Future Water Supply Sources
for Energy Demands. Funding Partner: Bureau of Reclamation,
California State Water Resources Control Board. Alexandria, VA:
WateReuse Research Foundation; 2012. Project Number: WRF 08-16.
Hardy L, Garrido A, Juana L. Evaluation of Spain’s Water-Energy
Nexus. Int ] Water Resour Dev. 2012;28(1):151-170. DOI

Trapote A, Albaladejo A, Simén P. Energy consumption in an urban
wastewater treatment plant: The case of Murcia Region (Spain). Civ
Eng Environ Syst. 2014;31(4):304-310. DOI

Albadalejo Ruiz A, Martinez JL, Asensi JMS. Parameterization of
energy consumption in urban wastewater treatment plants in the
Valencian Community. Tecnoaqua. 2015;11:55-61. Spanish.

United Nations (UN). Methodological tool: Project and leakage
emissions from composting; Version 02.0 [Internet]. 2011. [cited
2023 Apr 27]. Available from: https://cdm.unfccc.int/
methodologies/PAmethodologies/tools/am-tool-13-v2.pdf.
European Environment Agency. EMEP/EEA air pollutant emission
inventory guidebook 2016: Technical guidance to prepare national
emission inventories. Luxembourg: Publications Office of the
European Union; 2016. EEA Report No 21/2016.

Mertenat A, Diener S, Zurbrigg C. Black Soldier Fly biowaste
treatment—Assessment of global warming potential. Waste Manag.
2019;84:173-181. DOI



https://ita.upv.es/idi/descargaarticulo.php?id=224
https://doi.org/10.1080/07900627.2012.642240
https://doi.org/10.1080/10286608.2013.866106
https://doi.org/10.1016/j.wasman.2018.11.040

Green Energy and Sustainability 2023;3(3):0004 Page 24 of 24

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Remy C, Jekel M. Sustainable wastewater management: Life Cycle
Assessment of conventional and source-separating urban
sanitation systems. Water Sci Technol. 2008;58(8):1555-1562. DOI
Tomei MC, Bertanza G, Canato M, Heimersson S, Laera G,
Svanstrém M. Techno-economic and environmental assessment of
upgrading alternatives for sludge stabilization in municipal
wastewater treatment plants. ] Clean Prod. 2016;112:3106-3115.
DOI

Intergovernmental Panel on Climate Change (IPCC). Good Practice
Guidance and Uncertainty Management in National Greenhouse
Gas Inventories [Internet]. Japan: Institute for Global
Environmental Strategies (IGES); 2000. [cited 2023 Apr 12]. Available
from: https://www.ipcc-nggip.iges.or.jp/public/gp/english/.
Berglund M, Bérjesson P. Assessment of energy performance in the
life-cycle of biogas production. Biomass Bioenergy. 2006;30(3):254-
266. DOI

Mgller J, Boldrin A, Christensen TH. Anaerobic digestion and
digestate use: Accounting of greenhouse gases and global
warming contribution. Waste Manag Res. 2009;27(8):813-824. DOI
IDAE. Situation and potential for direct energy recovery from waste
[Internet]. Madrid: Instituto para la Diversificacién y Ahorro de la
Energia; 2011. Technical Study PER 2011-2020. [cited 2023 Apr 12].
Available from https://www.idae.es/uploads/documentos/
documentos_Estudio_tecnico_PER-15_Situacion_y_potencial_
valorizacion_energetica_directa_de_residuos_2af18c13.pdf. Spanish
Gonzalez D, Guerra N, Colén ], Gabriel D, Ponsa S, Sanchez A.
Characterization of the gaseous and odour emissions from the
composting of conventional sewage sludge. Atmosphere.
2020;11(2):211. DOI

Li YB, Liu TT, Song JL, Lv JH, Jiang JS. Effects of chemical additives on
emissions of ammonia and greenhouse gas during sewage sludge
composting. Process Saf Environ Prot. 2020;143:129-137. DOI
Rashid SS, Harun SN, Hanafiah MM, Razman KK, Liu Y-Q, Tholibon
DA. Life Cycle Assessment and its application in wastewater
treatment: A brief overview. Processes. 2023;11(1):208. DOI

Chai C, Zhang D, Yu Y, Feng Y, Wong MS. Carbon footprint analyses
of mainstream wastewater treatment technologies under different
sludge treatment scenarios in China. Water. 2015;7(3):918-938. DOI

Cite this article: Fernandez-Gutiérrez D, Manali A, Tsamoutsoglou K, Gikas P, Lara Guillén A.
Environmental life cycle assessment of an integrated biosolids microsieving-drying-gasification pilot
plant from WWTP. Green Energy Sustain. 2023;3(3):0004. https://doi.org/10.47248/ges2303030004.


https://doi.org/10.2166/wst.2008.533
https://doi.org/10.1016/j.jclepro.2015.10.017
https://doi.org/10.1016/j.biombioe.2005.11.011
https://doi.org/10.1177/0734242x09344876
https://doi.org/10.3390/atmos11020211
https://doi.org/10.1016/j.psep.2020.05.056
https://doi.org/10.3390/pr11010208
https://doi.org/10.3390/w7030918

