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Abstract

This study aimed to carry out the Life Cycle Analysis (LCA) targeting to decide the better management system for sludge
from both Activated Sludge Process (ASP) and from Upflow Anaerobic Sludge Blanket (UASB). Using the SimaPro® soft-
ware, three post-use scenarios were applied to this process for each type of sludge: Scenario A, which consisted of the option
of disposing of UASB sludge in a sanitary landfill; Scenario B, in anaerobic digestion (AD) with the generation of biogas
and electricity and use of digested sludge; and Scenario C, the use of UASB sludge as an agricultural fertilizer. Besides, we
carried out the analysis of heavy metals in the sludge before and after the AD using the Scanning Electron Microscopy. The
elements found with a marked presence in the treatment of UASB and ASP sludge samples, before and after AD, were, among
others: Oxygen, Carbon, Aluminum, Silicon, and Iron. The energy avoided for UASB sludge is 0.0502 MJ. For activated
sludge, it is 0.00173 MJ. The use of activated sludge as an agricultural fertilizer (Scenario C) presented the best performance
in eight of the eleven categories due to the presence of products avoided in the process.
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Introduction

Many industries and companies currently have concen-
trated efforts and studies on activities that affect the envi-
ronment, demonstrating that environmental analysis has
become an important factor in identifying a project’s fea-
sibility. Thus, it is necessary to emphasize the need to
return to nature what belongs to it, with less contaminating
potential.

This is the case of domestic sewage sludge, which is
rich in nutrients that, through appropriate treatment, there
is the possibility of obtaining biofertilizer, biogas, elec-
tricity, and treated wastewater, provided that it meets the
discharge standards, according to the current legislation,
being water that can be used for less noble purposes. How-
ever, every product has environmental impacts at all stages
of its life cycle, from its production, through its use and
maintenance, to its disposal or recycling/reuse.

When submitted to a treatment system, some compo-
nents of wastewater are concentrated in variable propor-
tions in the sludge. Several organic and mineral compo-
nents give fertilizer characteristics to sludge [1]. However,
other components are undesirable due to their environmen-
tal and sanitary risk, whose presence is variable, depend-
ing on the characteristics of the sewage (healthy popula-
tion or not or even, presence of chemical contaminants
from the sewage by receiving industrial wastewater) and
the treatment system: heavy metals; various organic pol-
lutants; and pathogenic microorganisms [1]. Pathogenic
microorganisms have their own and variable survival
capacity due to multiple conditions both in soil and water.
Inadequate disposal of sludge containing contaminants,
such as hazardous pollutants in a landfill, the treatment of
toxic wastewater in soil or ponds, and leaks in networks
and WWTPs are potential sources of surface water and
groundwater contamination, as well as in soil. The adsorp-
tion and concentration of hazardous pollutants in sludge
may also make it inconvenient for its use in agriculture [1].

Therefore, it is necessary to study all phases of its life
cycle to minimize the negative environmental impacts
of a product, making the necessary modifications. One
tool that allows studies of this type to be carried out is
Life Cycle Analysis (LCA) [2]. The general categories of
environmental impacts that need to be considered include
resource use, human health, and ecological consequences.
The LCA methodology includes the definition of objec-
tive and scope, inventory analysis, impact assessment, and
result interpretation. In general, this process involves asso-
ciating inventory data with specific environmental impacts
and understanding these impacts [3].

An LCA study was carried out by Zhu et al. [4] using
SimaPro® 7.3 to evaluate the environmental impact of a

lab-scale batch subcritical water decomposition (SCWD)
operation for a mass (in kilogram) of Perfluorooctane sul-
fonic acid (PFOS) waste treatment. The authors used the
IMPACT 2002+ environmental model to estimate the 15
midpoint and four endpoint environmental damages. Zhu
et al. [4] studied the total negative impact of the SCWD
process for 1 kg of PFOS waste treatment on human
health, ecological quality, climate change, and resources.
The upgrading of energy efficiency and catalytic effective-
ness were concluded by Zhu et al. [4] as two critical fac-
tors to decrease the environmental impact from the SCWD
process for the treatment of PFOS waste.

Usapein and Chavalparit [5] evaluated the environmen-
tal impact of alternative waste management practices for
bio-sludge, including landfilling with landfill gas utilization
systems, cement kilns, and composting, compared with con-
ventional landfills. They carried out this study at midpoints
and damage levels using the IMPACT 2002+ method. The
results from Usapein and Chavalparit [5] shown that landfill-
ing with landfill gas utilization systems presented the most
significant potential for greenhouse gas (GHG) decreased
compared with conventional landfills. The cement kiln
option demonstrated the maximum potential for aquatic
acidification, terrestrial acidification, and nitrification.
According to these authors, the fertilizer option has shown
the lowest potential for those impacts, and the potential for
aquatic eutrophication and terrestrial ecotoxicity was highest
in this option. As analyzed by Usapein and Chavalparit [5],
the endpoint exhibited that the fertilizer option had a high
performance concerning human health and climate change.
The authors recommended it for selection as the priority for
bio-sludge disposal in Thailand.

Padeyanda et al. [6] conducted a study using LCA to
evaluate various recycling facilities of food waste Daejeon
Metropolitan City (DMC) in Korea. Their results indicated
that among the different recycling methodologies presently
in practice, the scenario with wet and dry feed site conduced
to higher global warming potential (GWP) and higher acidi-
fication potential (AP), while scenarios with wet feed site
one and with wet feed site two resulted in the lowest impact.
This fact was explained by Padeyanda et al. [6] as principally
due to the emission produced during the treatment stage. For
eutrophication potential (EP), scenario one with composting
site contributed to higher environmental impacts due to the
emission of ammonia produced during the treatment pro-
cess. In contrast, in the case of photochemical ozone creation
potential (POCP), all recycling facilities’ collection stage
resulted in higher impacts on the environment because of
fossil fuel combustion [6].

Yi and Jang [7] analyzed the flows of materials and
energy regarding the environmental impact of solid refuse
fuel (SRF) plants using LCA and compared them with an
incineration plant. According to their results, SRF products
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presented numerous energy potentials depending on the
treatment method of MSW and replaced the current fossil
fuels by SRF combustion. Yi and Jang [7] preconized that
global impacts were primarily influenced by energy con-
sumption, particularly drying methods in the production of
SRF, and affected the weighting analysis results. Besides,
the authors concluded that the SRF plant with a bio-dry-
ing option was the best effective practice in the weighting
analysis.

Yu and Li [8] conducted a hybrid LCA to compare all
MSW incineration and individual anaerobic digestion of
Restaurant Food Waste (RFW) and other MSW incineration
concerning the actual situation. Their results showed that
individual anaerobic digestion decreases 10.6% carbon emis-
sion than all MSW incineration. This could occur mainly due
to the higher heat value of incineration feedstock and higher
electricity yield. Also, RFW separation would decrease
acidic gasses emission due to the substitution effect of more
energy products. Overall, source sorting of RFW is a sus-
tainable model of MSW management in Shenzhen, China.
The result obtained by Yu and Li [8] provided quantitative
support for the plan of RFW separation from MSW. Four
MSW management systems were compared by Chi et al. [9]
for in Hangzhou: the mixed collection system (50.77% of
the MSW is landfilled and 49.23% incinerated); the scenario
represented the current system under the source-separated
collection; a new incineration plant (short-term); and food
waste biological treatment techniques according to the city’s
plan (long-term). These authors showed that a total of 30,
18, 28, and 29% of global warming, acidification, nutrient
enrichment, and photochemical ozone formation could be
saved after source separation, respectively. The short- and
long-term MSW plans could offer a positive effect on envi-
ronmental improvements [9].

The life cycle environmental impacts of four sludge
management scenarios were studied by Cartes et al. [10],
concentrating on the evaluation of current practices and
advanced anaerobic digestion (AD) using a sequential
pretreatment (PT). They used as LCIA method the IPCC
(climate potential), CML (abiotic potential), Accumulated
Exceedance (acidification potential and terrestrial eutrophi-
cation potential), and EUTREND model as implemented
in ReCiPe (freshwater eutrophication potential and marine
eutrophication potential) [10]. According to Alyaseri and
Zhou [11], ReCiPe was an upgraded method from the Eco-
indicator 99, and it reports the impacts on the environment
or health in 17 categories. Results from Cartes et al. [10]
showed that AD scenarios presented lower potential impacts
than lime stabilization scenarios in all assessed categories,
including abiotic depletion, acidification, climate change,
and eutrophication in terrestrial, marine, and freshwater
ecosystems [10].

@ Springer

Alyaseri and Zhou [11] used a full-scale WWTP in Mis-
souri, USA, for a case-study in which multiple hearth incin-
eration is the existing process, whereas the authors proposed
fluid bed incineration and AD as the alternatives. For this
purpose, they used the ReCipe method; the study revealed
that variation in LCA results of multiple hearth incineration
is 63.4% for a single endpoint score of 57.9 mPt. Results
from Alyaseri and Zhou [11] on the two alternative pro-
cesses, it is 54.6% probable that the fluid bed incineration
would have more environmental impact than AD. Garfi et al.
[12] evaluated the environmental impact of three alternatives
for wastewater treatment using an LCA comparing a conven-
tional WWTP as ASS with two nature-based technologies
(i.e., hybrid constructed wetland and high rate algal pond
systems). The authors [12] carried out the LCA with the
software SimaPro® 8, using the ReCiPe midpoint method.
Garfi et al. [12] showed that nature-based solutions were
the most environmentally friendly alternatives, while the
conventional WWTP presented the worst results because of
its high electricity and chemical consumption. Brockmann
et al. [13] aimed to evaluate the environmental performances
of the novel oxygenic photogranules (OPG) biomass sys-
tem treatment system compared to an ASS system using
LCA. The authors [13] used midsize WWTP. Environmen-
tal impacts were estimated by [13] in SimaPro® (version
9.0.0.35, PRé Consultants) utilizing the Ecoinvent data-
base version 3.5 and the Environmental Footprint life cycle
impact assessment method. Results from Brockmann et al.
[13] showed that the authors identified electricity consump-
tion associated to artificial lighting, the fate of the generated
biomass (renewable energy and replacement of mineral fer-
tilizer), and the nitrogen flow in the OPG system as primary
contributors to the potential environmental impact of the
OPG treatment system. Nonetheless, Brockmann et al. [13]
preconized that a non-optimized OPG scenario’s environ-
mental impact was usually lower than for an ASS reference
system.

Singh et al. [14] studied the LCA and impact of a biogas
plant based on the municipal sewage sludge at WWTP (in
Delawas, Jaipur—Rajasthan, India), evaluating the environ-
mental effects originated as a result of basic systems of
biogas production. They also studied the impact of biogas
use as an alternative fuel employing ReCiPe and midpoint
methods. Their results showed that the building of the plant
was insignificant to the entire life cycle impacts. According
to Singh et al. [14], biogas plant showed negative GHG emis-
sions (—0.2385 kg COZeq/m3) related to coal-based electric-
ity plants, and digestate produced could represent an attrac-
tive option to replace chemical fertilizer. Biogas production
and agricultural spreading contributed — 3.059. 10® kg CFC-
11 eq/m® toward beneficial effects. It may be attributed to
the avoidance of electricity and artificial fertilizers. Singh
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et al. [14] indicated that sewage sludge-based biogas plant
showed a beneficial impact on the environment.

Resende et al. [15] estimated the environmental impact of
two decentralized, small-scale wastewater treatment systems
coupled to constructed wetlands. One system consisted of a
vertical and a horizontal flow wetland, and the second one
comprised a vertical subsurface flow wetland with artifi-
cial aeration. An LCA based on data from two actual pilot
structures was carried out modeled in open LCA software,
with the aid of Ecoinvent 3.3 data, and the impact assess-
ment was based on the ReCIPe method [15]. Resende et al.
[15] have shown that foreground emissions such as direct
GHG released from the septic tank and nutrients released in
the effluent have motivated potential impacts associated to
Photochemical Oxidants, Climate Change, and Freshwater
Eutrophication. Artificial aeration could decrease the area
required to install the system, and electricity consumption
was accountable for only 7% of total Climate Change related
potential impact [15]. The analysis of the aerated wetland
has revealed that the operation stage presented the most
significant environmental impact potential for all analyzed
impact categories, showing results fluctuating between 64%
for Human Toxicity and 100% for Freshwater Eutrophica-
tion [15].

Lutterbeck et al. [16] studied a wastewater treatment sys-
tem’s performance on a Brazilian rural property by LCA.
Their studied system consisted of an upflow anaerobic
sludge blanket (UASB) combined with an anaerobic filter,
four subsurface flow constructed wetlands, and two photo-
reactors. They used an Ecolnvent unit from SimaPro® 7.3.3
and with the Recipe midpoint and endpoint level indicators.
Their results, which were obtained by the analysis of the
endpoint H inventory network, presented that 67.3% of the
environmental impacts were related to the construction. In
comparison, 32.7% were associated with the system’s opera-
tion. The phototreament (45%) and anaerobic (36%) units
were accountable for the highest environmental burdens of
the construction phase [16].

Nonetheless, studies that comprise the WWTP sludge
from among the possible resolutions for activated sludge
system and UASB wastewater treatment in small- and
medium-cities in developing-countries, as in Brazil, are still
missing.

Therefore, this study aims to present the different envi-
ronmental impacts generated from sludge management
from the most common domestic sewage treatments in Bra-
zil, such as UASB (anaerobic) and ASP (aerobic) sludge.
For this purpose, the LCA was used, as these are processes
that allow using biogas generated during its AD. LCA is a
standardized procedure applied according to the ISO 14,040
series and consists of four stages: definition of objective and
scope, life cycle inventory (LCI), life cycle impact assess-
ment (LCIA), and life cycle interpretation [17, 18]. Three

post-use scenarios were applied to this process for the 2
types of sludge (UASB and ASP), totaling a combination
of 6 scenarios. In this way, the aim was to enable the proper
management of sludge in types of WWTPs most used in Bra-
zil, considering the demand for energy in the country. With
this, the present work sought to assess its environmental
feasibility within the scope of sustainable development and
the circular economy’s assumptions. In this way, to make
possible the proper management of sludge from WWTPs
throughout Brazil, especially if the country’s demand for
energy is considered. The present study aims to benefit the
energy self-sufficiency of WWTPs in Brazil and improve
environmental sustainability. For this purpose, LCA prin-
ciples and laboratory analyses were used. This study tries
to serve as a starting point for developing future research
that prioritizes the use of clean technologies to minimize
environmental impacts.

Materials and methods

Definition of the place of study and laboratory
infrastructure

The municipality of Itajuba is in the southern region of
the state of Minas Gerais, Brazil. Data from Carfiote et al.
[19] about the analysis of the substrate’s physical-chemical
parameters before and after the AD of the studied sludge.
Also, tests were carried out in the period between August
15, 2016, until April 15,2017, in an Environmental Quality
Study of Natural Resources Institute of Federal University of
Itajuba (CEQUAM/IRN/UNIFEI) laboratory. The analysis
of heavy metals was performed in the Scanning Electron
Microscopy (SEM) equipment, using micro-analysis by
Energy Dispersive X-Ray Spectrometer or EDS (Energy-
Disperse X-Ray Spectroscopy), at LCE/IEM/UNIFEL

Life cycle assessment (LCA) methodologies

SimaPro® software [20] was used to perform the LCA,
using the CML 2000 method (midpoint) to characterize
the impacts using inventories present in its database. This
software was selected because several studies utilized it for
similar studies as it was carried out by Zhu et al. [4], Garfi
et al. [12], Brockmann et al. [13], Lutterbeck et al. [16], and
Silva [26]. According to Rana et al. [21], the most usual and
widely used software for LCA analysis of MSW is SimaPro®
because this software, in general, treats the waste as a set of
separate fractions and not as in entirety mass. This charac-
teristic provides it an advantage over other usually utilized
software [21]. However, the application of LCA software is
often dependent on the need of the study. The LCA results
depend on the following: data treatment; various databases;
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models and methods of impact assessment, which have
been developed and implemented in specific software tools
to subsidy in developing LCA studies [22]. Concerning the
openLCA®, it was observed by Silva et al. [22] that some
metadata were missing in the import process (for example,
the administrative information and process information).
Besides, the authors [22] verified that these missing meta-
data had to be manually handled in the software to preserve
data consistent with the original data.

Concerning the system’s functional unit and flow, the Life
Cycle Inventories (LCI) construction considered only the
WWTP stage using the UASB and ASP sludge. Informa-
tion on the collection and transportation stages of raw sew-
age, implementation, and decommissioning of the WWTP
and equipment were not assessed. The product system to
be analyzed consisted of receiving sludge (from UASB and
ASP) from domestic sewage treatment, disposed of in a sani-
tary landfill. Also, two different mechanisms for the use of
sludge are analyzed. The “gate-to-grave analysis” approach
was adopted for the present study, as suggested by Todd and
Curran [23], discarding the initial stages of sludge produc-
tion, that is, obtaining raw domestic sewage. The period of
analysis of this LCA covers a horizon of 15 years.

It is worth mentioning that the data regarding the produc-
tion and yield of biogas and methane were obtained from
Caifiote et al. [19] for the Sanitation Company of Minas
Gerais (Copasa) and Fania WWTPs (Itajub4 in the state of
Minas Gerais, MG). Copasa WWTP serves 95% of 970,000
inhabitants, with a sewage sludge flow of 552.9 m*/day. It
consists of an anaerobic reactor of the UASB type, with
dimensions of 15. 15. 5,6 m. The laboratory analyzes by
Caiiote et al. [19], referring to sludge samples, allowed to
estimate methane production and yield, as well as the con-
tent of other gasses in biogas.

Caifiote et al. [19] studied emissions generated by sludge
during AD, and these values obtained by the authors were
used in the present LCA study. The other emissions, refer-
ring to biogas burner (flare), landfill, transportation, and
agricultural fertilizer, were obtained through the survey of
inventories presented in the consulted literature [24—40]. In
the present study, analyses were carried out to know the
class of heavy metals present in the sludge. This data is used
in the data inventory phase. Cafiote et al. [19] presents more
detail about the sludge characteristics obtained from the
UASB and the ASP systems.

In this work, it was established as the boundary of the
system from the stage of discharge of UASB and activated
sludge until its final disposal in a sanitary landfill or agri-
cultural areas. The South of Minas region was adopted as
the geographical boundary, specifically, Itajuba-MG, where
biogas installations were planned, but they were not installed
yet (Fig. 1). South of Minas region As a technological
boundary, conventional technologies (internal combustion)
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for electricity generation from biogas and drying to prepare
agricultural fertilizers were adopted.

The three scenarios proposed for LCA analysis are
described below and are a combination of sludge manage-
ment systems for both UASB and ASP through three differ-
ent processes (scenarios A, B, and C). It results, therefore,
in 6 different scenarios.

Scenarios for UASB and ASP sludge

In all combinations, both UASB and ASP sludge, scenarios
A, B, and C consist of the same management practice.

Scenario A In Scenario A, the sludge is placed in the dry-
ing bed for 35 days. When it reaches a humidity of 60%
(sludge cake), it is transported to a sanitary landfill. It must
be considered that during this period, the water loss process
occurs, which can be through evaporation or drainage to the
soil (the bottom of the drying bed is constructed in a way
that allows this flow, directing to pipes that return this fluid
for the raw sewage treatment system), and the emission of
gasses, such as methane, carbon dioxide, hydrogen sulfide
(Fig. 2a).

Scenario B In scenario B, the sludge is taken to an anaero-
bic batch digester with a hydraulic retention time (HRT) of
25 days. The biogas is stored in a gasometer and then sent to
the motor-generator for electricity generation, using a com-
pressor. The need for a flare to burn excess gas is empha-
sized. After the HRT period, the digested sludge to be used
as an agricultural fertilizer is removed from the anaerobic
digester and transported to the agricultural area for final dis-
posal. Next, there is another batch of the anaerobic digester
(Fig. 2b).

Scenario C In Scenario C, the sludge is placed in the drying
bed for 35 days to obtain agricultural fertilizer. The sludge
must be transported to the agricultural area for final disposal
(Fig. 2¢).

Sludge management system Figure 3a shows the UASB
sludge management system’s boundary and Fig. 3b for the
ASP sludge management system. The dashed line limits the
system boundary.

The ISO 14,044 standard establishes that allocation
should be avoided, whenever possible, and suggests, for
this, the expansion of the product system, to include the
additional functions related to co-products [3]. Thus, the
allocation of co-products was carried out by allocating
physical properties. The allocation criterion used in this
study must represent the co-products’ dominant charac-
teristics that give rise to a need to allocate environmen-
tal loads. In this study, the allocations made followed



Journal of Material Cycles and Waste Management (2021) 23:1810-1830

1815

N 45931'30"W 45°28'0"W 45%20'30"W 45150
.

Mata lu. Isidoro

22%1'0"s
22%1'0"s

8'30"S

22°28'30"S

22

~22°32'0"s
122°32'0"S

-
{1
I
2
S
2

/
X

45°31'30"W 45°28'0"W. 45%20'30"W.

INFORMATION:

Country: Brazil

State: Minas Gerais

City: Itajuba

Population (Year 2017): 97 000 inhab.

Latitude : -22, 458
Longitude: -45,4525
Altitude :-856 msnm

atmospheric pressure:922mbar

Domestic sewage Riw (1) UASB reactor
sewage 7 Extended aeration system
1 STP COPASA (2 STPFANIA with activated sludge
(UASB sludge) (Activated Sludge) Teated
s LCA Scenarios
Scenario A Scenario B Scenario C
Digester "Biogas —
Electricity
" Digested sludge Agricultural
Tn anspol‘t Agricultural fertiliser g
Transport Transport
Landfill Agricultural Agricultural
= site Area Area

Fig.1 The system boundary

the following criteria: energy criterion, when products
are energy inputs or derive from energy resources in the
respective inventoried process unit and mass criterion, for
the other cases [32]. The input data for SimaPro® for each
scenario is explained as follows. However, a summary of
such data can be consulted in the supplementary mate-
rial tables (S.1 to S.22). There is a table (S.23) and a text
explaining all environmental impacts assessed in this study
in the supplementary material.

For the impact assessment, the CML (Chain Manage-
ment by Life Cycle Assessment) method was adopted, due
to its scientific rigor [11]. As the current Library, Ecoin-
vent 3—allocation, default—unit was adopted and as the
Replacement Library, Ecoinvent 3—allocation, default—
system, as it was performed by Alyaseri and Zhou [11]
and Garfi et al. [12]. The authors also used the Ecoinvent
database available in SimaPro® software to fill in data gap
of air and water emissions from wastewater sludge treat-
ment process [11].

Characterization of UASB sludge scenarios

For a question of LCA analysis, functional unit (FU) emis-
sions calculations of 1 ton of total solids (TTS) of UASB
sludge are considered. However, the utilization and energy
balance in the biogas generation’s function were dimen-
sioned for a population of 97,000 inhabitants.

Concerning Scenario A for UASB sludge, they were con-
sidered as net emissions, as described below:

e From the Drying Bed: part of the water present both in
the scenario with UASB sludge and in the ASP sludge is
evaporated (water vapor emissions), and the part that is
percolated is redirected to the reactors, not being consid-
ered as liquid emission.

e From sanitary landfill: normally, the amount of leachate
generated in sanitary landfills is calculated as a percent-
age of precipitation [33]. Barros [34] presents a review
of the methods for quantifying leachate slurry in sani-
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Fig.2 UASB and ASP sludge management scenarios: a Scenario A (top left); b Scenario B (upper right); and ¢ lower

tary landfills. The Swiss Method was applied, as recom-

mended by Barros [34] (Eq. 1).

0= L XPXAXK 1)
eq

where: Q =average slurry or leachate flow (L/s); P=aver-
age annual precipitation (mm), being 1000 mm; A =surface
area of the land (m?), being 125 m?; teq =time in seconds
equivalent to 1 year (31,536,000 s/year); K = coefficient
according to the degree of compaction of waste: 0.25 to 0.50
for poorly compacted landfills; and 0.15 to 0.25, for highly
compacted landfills.

Table 1 shows the results of the slurry or leachate flow
into the landfill that will receive UASB sludge from the dry-
ing bed (Scenario A) or the anaerobic digester (Scenario B).

Considering a period of 15 years, the values of
468.75 m® and 281.25 m? of slurry were obtained for
weakly compact landfills and highly compacted landfills,
respectively. However, for Scenario A, it was considered
that the landfill that will receive the material will be the
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weakly compacted landfill. According to Barros [34], the
slurry can be collected and sent to treatment ponds (for
example, anaerobic or optional), or it can be recirculated
in the landfill to encourage its use as a bioreactor to treat
this liquid. The second option was adopted for scenario A.

For Scenario A for UASB and ASP sludges, they were
considered as gaseous emissions, as follows:

e From the Drying Bed: the production of gasses gener-
ated by the UASB sludge and the ASP sludge while
remaining in the drying beds is shown in Table 2, con-
sidering 1000 kg of total sludge solids. The calcula-
tion was based on the tests performed by Silva [28],
in which the sludge remains in the drying bed for a
35-day HRT period, and the methane production is 11
Nml CH,/gVS using an amount of 28.7 kg of sludge,
generating a total of 3.35 kg of biogas emissions in
the drying bed phase. Therefore, when working with
1000 kg of total sludge solids, a total of 116.72 kg of
biogas emissions is generated. Besides the liquid and
gaseous emissions, it was considered the output of the
material referring to the occupation of a drying bed
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Fig.3 Boundary of the system (a)
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;ablg 1 -IShiirfgi or leachate Landfills Coefficient according to the Q=Average slurry ~ Q=Slurry flow
ow into fan degree of compaction of waste  or leachate flow for 15 years
Ky (Lfs) (m*)
For weakly compacted landfills 0.25 0.0010 468.75
For highly compacted landfills ~ 0.15 0.0006 281.25
4Source: Obersteiner et al. [17]
area, equal to 200 m? (Cited in SimaPro® as Land use the sludge must be transported to the landfill, where it is
I-1I, LLS). spread and compacted, using medium-sized machines,
e From the Sanitary Landfill—Transportation: the gaseous which use diesel. According to Silva [28], such machines
emissions from the landfill start after the drying bed since release the following gasses: CO, NOx, and particulate
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Table 2 Gaseous emissions to

) Pollutants Volume of gasses gener-  Unit Emissions at 28.7 kg Unit Emissions in ~ Unit
the atmosphere generated per ated (35 days) by LLS? (Vol*Density)* 1000 kg
1000 kg LLS
CH, 2.21 Nm? 1.45 kg 50.52 kg
Co, - - - - - -
0, 0.19 Nm® 027 kg 9.41 kg
CcO 0.61 ppm 1.63 kg 56.79 kg

As the CO, emitted is neutral, it was disregarded in the LCA, and by conversion to CO, the value of

0.61 ppm is equivalent to 1.43 m®

*Considering the densities: pCH,=0.656 kg/m?; pCO,=1.977 kg/m?; pCO=1.14 kg/m®, pO,=1.429 kg/

m>;
Source: *Silva [13]

material. Gutierrez [26] considered that the emissions
generated in the landfill’s operation phase are due to
spreading, compacting, and covering. The crawler trac-
tor’s fuel consumption factor was considered to be 1.82 1/
km [29]. The distance between COPASA WWTP (UASB
sludge) and CIMASAS landfill is 20.8 km (round trip).
Considering the total traveled for spreading, compacting,
and covering tasks as being 0.7 km (equivalent to 1.274 L
of diesel), there is a total distance of 21.5 km. In this
case, 39.13 L of diesel is needed (considering the diesel
density equal to 840 kg/m?, the value of 1.07016 kg of
diesel is obtained, as used in Simapro®), equivalent to
32.87 kg diesel or 420.79 kWh. The National Inventory
of Atmospheric Emissions by Automotive Road Vehi-
cles 2013: Base Year 2012 [27] was considered, with
the emission factors of grams of pollutants per mileage
of average vehicles (Cited in SimaPro® as Landfill Trans-
port). Table 3 presents the summary of gaseous emis-
sions generated by the truck used in the landfill filling
process. Fugitive emissions are disregarded.

e From the flare: after the closure of the landfill, there is a
continuity in the biogas generation composed mainly of
methane and carbon dioxide and in smaller proportions,
by other gasses. Therefore, this equipment must be
installed for burning biogas. Beylot [24] summarizes the
emission factors from the combustion of biogas in flares,
based mainly on data from USEPA. And from the gasses
generated from biogas (CH, +CO, + CO) in the drying

bed, the value of 3.35 kg of gasses is obtained and ana-
lyzed for 25 days. Considering that the analysis period is
15 years, it was multiplied by a time fac-
ton{(lSyears x 365%) /25days] — 219. Thus, the total

biogas equal to(3.35kg X 219) = 733.65kg. Applying in
the present study the methane yield factors obtained by
Silva [13], that is, 0.0046 Nm>CH,/kgVS (4.6 Nm>CH,/
tVS) for each ton of LLS (with 32.89% of VS for UASB
sludge and 50.45% of VS for ASP sludge), the emissions
generated by the mass flare of pollutants per volume of
methane and the mass of pollutants for each ton of UASB
bed sludge deposited in the landfill (Table 4).

As for solid emissions, both UASB and ASP sludge

should be deposited in the landfill as a form of treatment/
final disposal, generating leachate with the presence of
solid materials. However, these are disregarded in this
study.

In scenario B of AD, both for UASB sludge and ASP

sludge, considering the generation of biogas and electric
energy and the use of the digested sludge from AD, the
net emissions from the landfill are the same as previously
considered in scenario A. Slurry or leachate emissions
were also disregarded since the leaked part is redirected to
the reactors, not being assessed as net emission.

As for gaseous emissions, we mention:

Table 3 Gaseous emissions

from the landfill during the Pollutants Year/model/categories *ZpollutanyKM ASP sludge‘ UASB sludge
filling process of the LA EpoltutanyKM*17.5 km EpoltutanyKM*21.5 km
(Landfill Transport CH, Truck 0.06 1.05 129

(6(0) 2012/truck/medium 0.051 0.893 1.097

NOx 2012/truck/medium 1.025 17.938 22.038

NMVOC 2012/truck/medium 0.006 0.105 0.129

PM 2012/truck/medium 0.007 0.123 0.151

NMVOC non-methane volatile organic compounds, PM particulate matter

Source: *Brasil [12]
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Table 4 Emission factors for landfill biogas combustion using flares
Substance “Emission fac-  Unit Atmospheric Emissions (AE)
tor (mean)
ASP Lodo de UASB
AEx1.9 Nm? CH, (g) AEx 50.45 (g) AEx 4.6 Nm® CH, AEx 32.89% VS
NOy 0.631 ¢/Nm’ CH, 1.2 60.5 2.90 95.5
Cco 0.737 g/Nm’ CH, 1.4 70.6 3.39 111.5
PM 0.238 g/Nm’ CH, 0.5 25.2 1.09 36.01
Dioxins/furans 6.7.107 ¢/Nm® CH, 1.27.1078 0.0 3.082. 107 0.0
SOy (as SO,) 80 g/ton of waste 80 80.0 80 80.0
HCI 40 g/ton of waste 40 40.0 40 40.0
HF 8 g/ton of waste 8 8.0 8 8.0

Note: PM: particulate material
Source: “Beylot []

e From the Drying Bed (considered the same inventory as
Scenario A).

¢ From different stages: reactor emissions were referred to
methane, in the form of direct emissions or leaks. Based
on data from Silva [28], methane production from labora-
tory tests obtained a yield of 4.6 Nm?> CH,/ton VS (with
32.89% VS of UASB sludge and 50.45% VS of ASP
sludge). Table 5 shows the gasses that make up the biogas
generated for 25 days from UASB sludges using 2.68 kg
of sludge, generating 0.548 kg of gasses, equivalent to
204.48 kg of biogas per ton of UASB sludge (Cited in
SimaPro® as UASB Gross Sludge). This table also pre-
sents the values from activated sludge using 2.68 kg
of sludge, generating 0.187 kg of gasses, equivalent to
69.67 kg of biogas per ton of ASP sludge.

However, the gaseous emissions involved in the combus-
tion process come from the motor-generator’s combustion
and the flare. Considering the small gas production, it was
decided to use the typical combined cycle emission factors
to use biogas (gaseous emissions from the reactor, motor-
generator, and flare), presented by Beylot [24] as shown in

Table 6. Applying the factors mentioned above for meth-
ane yield (4.6 Nm?® CH,/t VS) for each ton (1000 kg) of
sludge (UASB with 32.89% VS and ASP with 50.45% VS),
one obtains the emissions generated by the mass flare of
pollutants per volume of methane and the mass of pollut-
ants for each ton of UASB sludge used to generate electric-
ity through a motor-generator (combustion). In LCA, this
energy is considered as avoided electrical energy.

e From the Drying Bed (considered the same inventory as
Scenario A)

e Both UASB and ASP sludge, digested and used as fer-
tilizer: the sludge must be used entirely for agricultural
fertilizer; then, they are only considered as solid emis-
sions, and the elements obtained in heavy metal tests for
sludge samples after AD.

e From the Agricultural Area (Transport): it was consid-
ered that the emissions generated in the transport opera-
tion phase (total traveled) of the activated sludge digested
from the drying bed to the agricultural area. According
to Goedert et al. [30], the amount of equipment used
to spread is calculated according to the time the equip-
ment is used for the spreading operation and the mass/

Table5 Gaseous emissions to the atmosphere generated by 1,000 kg of sludge

Pollutants Volume of gasses generated ~ Unit Emissions at 2.68 kg Emissions in 1000 kg Unit
25 days) by LUASB Vol x Density) (k UASB slud
(25 days) by (Vo ensity) (k) UASB sludge ASP sludge sucee
CH, 6.44 x 107 Nm? 423 x 107 0.159 0.2697 kg
Co, 234 %107 Nm? 4.64 x 107 0.173 0.303 kg
0, 3.42x 107 Nm? 4.89 x 107° 0.002 0.146 kg
(6(0) 17 Ppm 0.547 204.179 68.954 kg
Sum of gasses 0.548 204.48 69.67 kg

“Considering the densities: pCH,=0.656 kg/m?; pCO,=1.977 kg/m?; pCO=1.14 kg/m?, pO,=1.429 kg/m*;Note: By conversion to CO, the

value of 17 ppm is equivalent to 0.048 m*
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Unit Atmospheric Emissions (AE) (g)

UASB sludge UASB sludge

AE*(4.6.32.89/100)  AE*(4.6. 32.89/100)

1820
Table6 Average emission Substance *Emission fac-
factors fo.r combustior} of biogas tor (mean)
for combined production of
heat and energy from ASP and
UASB sludge
NOx 11.60
CcO 8.46
PM 0.232
Dioxins/furans -
SO (as SO,) 100
HC1 9
HF 10

¢/Nm?® CH, 17.55 11.12
g/Nm?® CH, 12.79 8.12
g/Nm?® CH, 0.35 0.22
g/Nm?® CH, 0.0 0.0
g/ton of waste 100.0 100.0
g/ton of waste 9.0 9.0
g/ton of waste 10.0 10.0

Table 7 Gaseous emissions from the landfill during the UASB and
ASP (Agricultural Area Transport) sludge filling process

Pollutants  Year/model/categories  “gqjuanyKM  EpoltuanykM*2 km

CH, Truck 0.06 0.12
CO 2012/truck/medium 0.051 0.102
NOx 2012/truck/medium 1.025 2.05
NMVOC  2012/truck/medium 0.006 0.012
PM 2012/truck/medium 0.007 0.014

NMVOC non-methane volatile organic compounds, PM particulate
matter

Source: “BRASIL [12]

life ratio. Fuel consumption is assessed based on the time
the tractor is in use, and the average fuel consumption
per unit time. Knowing that the fuel consumption factor
of the crawler tractor is 1.82 1/km [29] and that the cho-
sen spreading area is located at a distance of 2 km from
the storage area (drying bed) and the agricultural ferti-
lizer is transported by a tractor and a spreader, requiring
3.64 L of diesel (considering the density of diesel equal
to 840 kg/m>, we have the value of 3.0576 kg of diesel
used in Simapro®), which are equivalent to 39.14 kWh.
Transport requires a tractor and spreader (in this case)
and fuel. The National Inventory of Atmospheric Emis-
sions by Automotive Road Vehicles 2013: Base Year
2012 [27] was considered, with the emission factors of
grams of pollutants by distance (in kilometers) of aver-
age vehicles (Cited in SimaPro® as Agricultural Area
Transport).

Table 7 presents the summary of gaseous emissions gen-
erated by the truck used in the agricultural area’s fertilizer
filling process. Fugitive emissions are disregarded.

As for solid emissions, UASB sludge, the same consid-
erations were made in scenario B as for scenario A.
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Concerning Scenario C for UASB sludge, they were con-
sidered as net emissions, as described below:

e From the Drying Bed: in the drying bed, both the UASB
and the ASP sludge, part of the water present in the
sludge is evaporated (water vapor emissions), not being
considered as liquid emission.

Regarding Scenario C for UASB and ASP sludge, they
were considered as gaseous emissions, as described below:

e From the Drying Bed: considered the same inventory as
Scenario A.

e From the Agricultural Area—Transport: considered the
same inventory as Scenario B.

For Scenario C for UASB sludge, solid emissions were
considered, as follows: UASB sludge should be used entirely
for agricultural fertilizer. Therefore, only elements obtained
from heavy metal tests for LUASB samples before AD are
considered solid emissions. According to Goedert et al. [30],
the mineral fertilizers avoided for this study, such as ammo-
nium nitrate (33.5% N), potassium chloride (60% K,0), and
triple superphosphate (45% of P,0Os). The quantities of min-
eral fertilizers avoided are calculated based on the amount
of available N, P, and K contained in the spread digested
sludge. Thus, 27.55 kg N, 32.63 kg P, and 5.55 kg K were
obtained. The generation of a total of 65.73 kg of fertilizer
per ton of total solids was also obtained for both UASB and
ASP sludge.

However, it was also considered the agricultural area
(ha) that would be sFUficient to use 65.73 kg of fertilizer
obtained in one ton of total UASB sludge solids, as well as
for one ton of ASP sludge. According to the report made by
FAO [25], consumption in different countries of fertilizer
by type of nutrients per hectare of arable land is presented.
In this study, the total generated for 2014 in Brazil (182 kg
of fertilizers per hectare) was considered. The amount of
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fertilizer obtained in the process (65.73 kg NPK) could be
used in an agricultural area of 0.361 ha.

Mass and energy balance

The mass balance resulted in an average daily flow of
UASB sewage sludge of 552.90 m? day~!, with the flow of
digested sludge at 82.935 m® per batch, 15% of the initial
flow of the processed sludge, considering 95% efficiency
of sewage collection in Itajuba. In the end, the sewage
sludge at the entrance of the station had a concentration of
624.67 mgCOD/L and 316.24 mgBOD/L, with reductions
in the output of 44% and 84%, respectively. Such values
are consistent with medium-sized cities presented in the
literature, such as Tchobanoglous et al. [35], Von Sper-
ling [36], and Jorddo and Pessda [37]. The production of
biogas, based on the Chernicharo [38] model, resulted in
a flow of 58.41 Nm*/day of biogas and 43.81 Nm*/day of
methane, with a concentration of 75% CH4. The electric
power produced in the generator set was 5.39 kW, generating
77.55 kWh/day, equivalent to 28.31 MWh/year.

Results

Analysis of UASB and ASP sludge
before and after AD

Figure 4a shows the three-dimensional appearance of the
image of the samples with great depth. It provides a com-
positional map where the light part indicates a greater pres-
ence of aluminum (Al) and sodium (Na) in greater quantity.
Figure 4b shows the SEM/EDS mapping area analyzed, in
which the approximate height of the peaks provides the
identification of the element. The UASB sludge samples
obtained from COPASA WWTP showed similar results
before and after AD, with the following most representative
values: 39.15% Oxygen, 36.84% Carbon, 5.46% Aluminum,
4.60% Silicon, 3.45% Iron, and 3.17% Calcium.

Table 8 presents the results obtained in the analysis of
heavy metals carried out on UASB sludge samples before
AD (quantity of dry sample used is 0.0071 g), which are
considered as solid emissions in the LCA study. This table
also shows the values for after AD.

Figure 5a shows the greater presence of the element sili-
con (Si), aluminum (Al), and calcium (Ca) in greater quan-
tity. Figure 5b shows the concentrations of the elements
assessed. The ASP sludge samples obtained from FANIA
WWTP showed similar results before and after AD, with the
following values being more representative: 39.21% Oxygen,
38.98% Carbon, 4.54% Silicon, 3.93% Aluminum, 3.70%
Calcium, and 3.09% Iron; the most representative values of
the analysis.

N
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Fig.4 Image obtained by SEM of the UASB sludge sample from
COPASA WWTP before and after AD: a by element mapping SEM
(top); and b by SEM/EDS mapping by elements (%) (lower)

Table 9 presents the results obtained in the analysis of
heavy metals made in the samples of activated sludge before
AD (quantity of dry sample used is 0.0071 g), which are
considered as solid emissions in the LCA study. This table
also shows the values for after AD.

The analysis of heavy metals was carried out to assess the
possibility of using sludge before and after AD as an agri-
cultural fertilizer (as a source of nutrients for plants). The
results show that it can be considered as an environmental
solution since, in the treatments assessed before and after
AD, there is a small percentage of heavy metals mixed in
the samples. The elements found with a marked presence in
the treatment of UASB sludge samples and activated sludge,
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Table 8 Solid emissions from UASB sludge

Element Before AD After AD
% Emissions at 7.1 x 107 kg sludge Emissionsin % Emissions at 7.1 x 107° kg sludge Emissions in
1000 kg sludge 150 kg sludge
g mg kg g mg kg

(¢} 39.15 0.002780  2.7797 277965 x 10 391.5 39.02 0.002770 2.7704 277042 x 10  58.53

C 36.84 0.002616  2.6156 261564 x 10°  368.4 29.65 0.002105 2.1052 2.10515.107%  44.475

Al 546  0.000388  0.3877 3.8766 x 107 54.6 8.66  0.000615 0.6149 6.1486 x 107 12.99

Si 4.6 0.000327  0.3266 3.266 x 1077 46 7.42  0.000527 0.5268 5.2682x 107 11.13

Fe 3.35 0.000238  0.2379 2.3785 x 107 335 6.04  0.000429 0.4288 4.2884 x 1077 9.06

Ca 3.08 0.000219 0.2187 2.1868 x 107 30.8 3.19  0.000226 0.2265 2.2649 x 1077 4.785

S 2.14  0.000152  0.1519 1.5194 x 1077 21.4 1.99 0.000141 0.1413 1.4129 x 1077 2.985

P 2 0.000142  0.1420 1.42x 107 20 0.95  0.000067 0.0675 6.745 x 1078 1.425

Na 0.95 0.000067  0.0675 6.745 x 1078 9.5 0.89  0.000063 0.0632 6.319x 107 1.335

Cl 0.74  0.000053  0.0525 5254 x 1078 74 0.54  0.000038 0.0383 3.834 x 1078 0.81

K 0.64 0.000045  0.0454 4.544 x 107 6.4 045  0.000032 0.0320 3.195 x 1078 0.675

Mg 0.53  0.000038  0.0376 3.763 x 1078 53 0.44  0.000031 0.0312 3.124 x 1078 0.66

Ti 0.31  0.000022  0.0220 2201 x 1078 3.1 0.35  0.000025 0.0249 2.485x 1078 0.525

Zn 0.2 0.000014  0.0142 1.42x 1078 2 0.25 0.000018 0.0178 1.775x 1078 0.375

COT - 0.040490  40.4900  4.05x 107 0.03969608 — - - - -

NT - 0.01904 19.0400  1.90 x 107 0.01866667 — 0.0145 14.5000  1.45x 107 0.00213235

BOD - 0.31624 316.2400 3.16 x 107 0.31003922 - 0.05116  51.1600 5.12x 107° 0.00752353

COD - 0.6246700 624.6700 6.25x 107 0.61242157 - 035133 351.3300 3.51x 107 0.05166618

NPK - - - - 26.42 - - - - 2.76

before and after AD, were as follows: Oxygen (O), Carbon
(C), Aluminum (Al), Silicon (Si), Iron (Fe), Calcium (Ca),
Sulfur (S), Phosphorus (P), Sodium (Na), Chlorine (Cl),
Potassium (K), Magnesium (Mg), Titanium (Ti), Zinc (Zn),
and Cadmium (Cd), assessed as a percentage (%). However,
in the case of Titanium (Ti) found in the samples, it may
be due to the improper release of paint residues along with
domestic sewage.

LCA of UASB sludge

Table 10 presents a summary of the results obtained for the
eleven categories made in the analysis of scenarios A, B, and
C of UASB sludge samples.

The negative impacts on the environment refer almost
to the totality of the categories assessed, to the option of
disposing of UASB sludge in a sanitary landfill (Scenario
A), then of using UASB sludge as agricultural fertilizer
(Scenario C) and finally, the generation of biogas and elec-
tric energy using the digested UASB sludge (Scenario B).
Scenario B for UASB sludge has a smaller share in these
impacts since it was the one that most generated environ-
mental benefits.

The positive impacts on the environment are mainly rep-
resented by scenario B. This is explained by the fact that
scenario B presents products avoided due to the generation
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of biogas, electricity, and digested sludge (replacing agri-
cultural fertilizer). These products have undergone several
conversion treatments, generating a positive contribution to
the environment.

Scenarios A and C are representative of a high percent-
age of Global Warming. This fact is because, in Scenario
A, the sewage sludge would go directly to the landfill; it
was not considered collection (storage) and energy use from
landfill gas, and this would require a high cost of investment
of labor, materials, and transportation. The latter is the sys-
tem’s fundamental problem because diesel would be used
as fuel (which contributes negatively to the environment).
It is emphasized that in the simulations, energy, biogas, and
digested sludge (digestate obtained after anaerobic diges-
tion) were considered as avoided products. Besides, diges-
tate should be disposed of in the agricultural area, previously
analyzing its heavy metal content. The drying UASB sludge
in the bed presents a considerable fraction in the categories
of GWP and Photochemical Oxidants Formation Potential
(POFP). Besides, in the simulations, concerning the landfill
input and output, its leachate quantification was performed.
In this case, the participation in categories involving toxic-
ity in water is elucidated, probably because it considers the
generation of leachate in the process.

In Scenario C, which analyzed sewage sludge as an agri-
cultural fertilizer, collecting the gasses generated in the
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Fig.5 Image obtained by SEM of a sample of ASP sludge from
FANIA WWTP before and after AD: a obtained by SEM mapping by
elements (top); and b by SEM mapping by elements (%) (lower)

process resulting from the soil and the associated crop is
not considered. It is emphasized that 100% use of UASB
digestate as an agricultural fertilizer was considered. Thus,
assuming a smaller percentage, the impact graph could vary
slightly toward positive impacts’ values. However, given the
significant difference between the values of positive and neg-
ative impacts presented, it can be concluded that the positive
impacts would continue to outperform the negative ones.

Sludge from UASB or ASP has a negative impact on the
Categories of Global Warming Potential (GWP) and Photo-
chemical Oxidant Formation Potential (POFP) when gasses
are not captured, collect, and reused.

The sludge anaerobic digestion process makes Scenario
B the most significant contributor to human toxicity, pre-
senting results 1.8 times higher than Scenario A. Flare in
Scenario B is the main responsible for the results in this

category because it is responsible for burning biogas excess
in the anaerobic digestion process. The gasses generated
cause problems to human health when they are inhaled.
The biodigester emissions have a more significant negative
contribution to the Human Toxicity Potential impact and
Eutrophication Potential in this Scenario.

According to Singh et al. [14], CH, and CO, leakage from
the plant significantly reduced climate change and gave(net)
negative output. Resende et al. [15] preconized that direct
GHG emissions from the septic tank drove Climate Change
and Photochemical Oxidants’ Formation. However, energy
recovery from the anaerobic unit could greatly minimize the
environmental pressure indexes [16]. Figure 6a presents the
comparative result between the eleven environmental cat-
egories (impacts) for each UASB sludge samples scenario,
generated by the SimaPro® software, through the column
chart. In Fig. 6b, it is possible to verify the contribution of
each scenario in the impact categories analyzed in terms of
area.

Scenario B was the one with the best performance in
seven of the eleven categories due to the presence of prod-
ucts avoided in the process. Thus, the indicators considered
to have the best performance for this scenario were related to
the potential of: Abiotic Depletion (ADP), Abiotic Depletion
Fossil Fuels (ADPF), Global Warming (GWP), Depletion
of Ozone Layer (DOLP), Freshwater Ecotoxicity (FWEP),
Terrestrial Ecotoxicity (TEP), and Eutrophication (EUP).

It is observed in Fig. 6b that the points of Scenario B are
closer to the center of the figure, that is, on the negative part
of the radar, presenting the best result, corroborating with
the total results of each scenario in Table 10.

When analyzing Fig. 6a, it can be seen that in ten of the
eleven categories analyzed, except for Global Warming
Potential (GWP) and Marine Water Ecotoxicity Potential
(MWEP), which had an impact with a minimum percent-
age, the largest participation in the impact comes from the
sanitary landfill, which generates a negative contribution to
the environment. The participation of the flare in the catego-
ries involving the Human Toxicity Potential (HTP), Fresh
Water Ecotoxicity Potential (FWEP) (in a lower percentage),
Marine Water Ecotoxicity Potential (MWEP), Acidifica-
tion Potential (ACP), and Eutrophication Potential (EUP)
stand out. The drying of UASB sludge in the bed presents
a considerable fraction in the categories of Global Warm-
ing Potential (GWP) and Photochemical Oxidant Forma-
tion Potential (POFP). Concerning the inputs and outputs
to the sanitary landfill, the quantification of leachate slurry
in sanitary landfills was noteworthy in the software. In this
case, participation in categories involving water toxicity is
elucidated, probably because it considers the generation of
leachate in the process.

When analyzing Fig. 6b, it can also be seen that in
four of the eleven categories analyzed, except for the
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Table 9 Solid ASP sludge emissions

Element Before AD After AD

% Emissions at 7.1.107 kg sludge Emissions in % Emissions at 7.1.107 kg sludge Emissions

1000 kg sludge in 150 kg
g mg kg g mg kg sludge

0 3921 0.002784 27839 278391 x 10° 392.1 42,57 0.003022 3.0225  3.02247 x 10 63.855
C 3898 0.002768 27676  2.76758 x 107° 389.8 42.86 0.003043 3.0431  3.04306 x 10°  64.29
Si 454 0000322 03223 32234 x 107 45.4 3.87  0.000275 0.2748  2.7477x 1077 5.805
Al 3.93  0.000279 02790  2.7903 x 107 39.3 3.57  0.000253 02535  2.5347x 107 5355
Ca 3.7 0.000263 0.2627  2.627 x 1077 37 175 0.000124 0.1243 12425 x 107 2.625
Fe 3.09  0.000219 02194  2.1939 x 10~ 30.9 122 0.000087 0.0866 8.662x 107 1.83
P 177 0000126 0.1257  1.2567 x 107 17.7 0.9 0.000064  0.0639 639%x 107 135
K 1.42 0000101 0.1008  1.0082 x 10~ 14.2 0.87  0.000062 0.0618 6.177x 107 1.305
Na 0.95  0.000067 0.0675  6.745 x 107 9.5 0.75  0.000053 0.0533 5325x 10 1.125
Mg 0.88  0.000062 0.0625  6.248 x 107 8.8 0.71  0.000050 0.0504 5.041 x 10 1.065
S 0.73  0.000052 0.0518  5.183 x 1078 73 0.57  0.000040 0.0405 4.047x 107 0.855
Cl 0.46  0.000033 0.0327  3.266 x 1078 4.6 0.5 0.000036  0.0355 355%x10°% 075
Zn 0.18  0.000013 0.0128 1278 x 107 1.8 0.17  0.000012 0.0121 1.207 x 10 0.255
Ti 0.15 0.000011 0.0107  1.065x 107 1.5 0.06  0.000004 0.0043 426x10°  0.09
COT - 0.079230  79.2300 7.92x 107 0.07767647  0.02  0.000001 0.0014 1.42x10°  0.03
NT - 0.047712 477120 4.77 x 107 0.04677647 - - - - -
BOD - 0.04166  41.6600 4.17 x 107 0.04084314 — 0.0084 8.4000 8.4x10°  0.00123529
COD - 0.08567  85.6700 8.57 x 107 0.08399020 — 0.01726  17.2600 171 x 107 0.00253824
NPK - - - - 27.25 - 0.068 68.0000 6.8 x 10 0.01000000
Table 10 Total contribution of each category to UF (1 ton TS sludge UASB)
Impact categories potential (P.) Abbreviation Units Scenario A Scenario B Scenario C
Abiotic depletion P. ADP kg of Sb eq 3.69 x 107 —5.78 x 107 —432%107
Abiotic depletion P. (Fossil fuels) ADPF MJ 1.77 x 10° —8.92 x 10! 9.78 x 107!
Global warming P. GWP kg of CO, eq 129 x 10° —1.20 x 10 1.26 x 10°
Depletion of the ozone layer P. DOLP kg of CFC-11 eq 1.49 x 107 7.60 x 1077 1.12x 107°
Human toxicity P. HTP kg of 1.4-DB eq 2.54.10" 4.60.10" —2.70 % 10°
Fresh water ecotoxicity P. FWEP kg of 1.4-DB eq 3.28 x 107! 1.47 x 1072 2.56 x 1072
Marine water ecotoxicity P. MWEP kg of 1.4-DB eq 3.29 x 10° 7.13 x 10° - 1.62x 10°
Terrestrial ecotoxicity P. TEP kg of 1.4-DB eq 6.80 x 107 - 6.00 x 1072 —324%x107
Photochemical oxidants formation P. POFP kg of C,H, eq 1.85 x 10° 5.52 % 10° 1.84 x 10°
Acidification P. ACP kg of SO, eq 3.05x 107! 1.49 x 107! —1.39x 1072
Eutrophication P. EUP Kg PO, eq 3.05 x 1072 431 x10° 6.12 x 10!

Acidification Potential (ACP), which had an impact with
a minimum percentage, the greatest participation in the
impact comes from the transport that takes place from
the drying bed to the agricultural area, which generates
a non-beneficial contribution to the environment. The
participation of flare in the categories involving HTP,
MWEDP, and ACP stands out. In the use of the anaerobic
digester, it appears that in all impact categories, except for
GWP, MWEP, and EUP, the positive impacts outweigh
the negative impacts since it contributes positively to the
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environment in seven of the eleven categories assessed.
The raw UASB sludge has a negative impact on the GWP
and POFP categories. In the software, energy, biogas, and
digested sludge (sludge obtained after AD) were consid-
ered as avoided products, and the latter must be disposed
of in the agricultural area, previously analyzing the heavy
metal content that the sludge contains. Considering the
energy avoided in the process is equal to 0.0502 MJ, the
participation in categories involving ADPF (fossil fuels),
GWP, HTP, ACP, and EUP is elucidated.
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Fig.6 Comparative result between scenarios A, B, and C regarding the environmental impacts for UASB sludge: a all categories (upper); and b

five categories in a radar type chart (bottom)

Still, when analyzing Fig. 6a, it can be seen that in eight
of the eleven categories analyzed, the greatest participa-
tion in the impact comes from the transport that takes place
from the drying bed to the agricultural area, which gener-
ates a non-beneficial contribution to the environment. The
use of UASB sludge as an agricultural fertilizer presents a
considerable fraction in the categories of GWP, POFP, and
EUP. However, on the other hand, it contributes positively to
the environment in eight of the eleven categories assessed.
It should be noted that 100% of UASB sludge use as an
agricultural fertilizer was considered. Thus, considering a
smaller percentage, the impact graph could vary slightly in
the values of positive impacts. However, given the great dif-
ference between the values of positive and negative impacts

presented, it can be concluded that the positive impacts
would continue to outweigh the negative ones.

However, it is observed that in the three scenarios A,
B, and C, transportation (from the drying bed of Copasa
WWTP to the agricultural area or the CIMASAS landfill in
Itajubai—MG), in terms of fuel (Diesel), corresponds to a
considerable fraction in the categories, contributing nega-
tively to the environment.

LCA of ASP sludge
Table 11 presents a summary of the results obtained for the

five categories chosen to analyze scenarios A, B, and C of
ASP sludge samples.
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Table 11 Total contribution of each category to the UF (1 ton TS Activated sludge)

Impact categories: potential (P) Abbreviation Units Scenario A Scenario B Scenario C
Abiotic depletion P. ADP kg of Sb eq 3.00 x 107 —234x 107 —4.32x 107
Abiotic depletion P. (Fossil fuels) ADPF MJ 1.44 x 10° 1.47 x 10? 9.78 x 10!
Global warming P. GWP kg of CO, eq 1.28 x 10° 7.91 x 10° 1.26 x 10°
Depletion of the ozone layer P. DOLP kg of CFC-11 eq 121 x 107 1.32x 107 1.12x 107°
Human toxicity P. HTP kg of 1.4-DB eq 2.49 x 10! 5.10 x 10! —2.70 x 10°
Fresh water ecotoxicity P. FWEP kg of 1.4-DB eq 2.74 x 107! 1.07 x 107! 2.56 x 1072
Marine water ecotoxicity P. MWEP kg of 1.4-DB eq 3.29 x 10° 732 % 10° - 1.62x 10°
Terrestrial ecotoxicity P. TEP kg of 1.4-DB eq 5.54 x 107 - 197 %107 -324%x107
Photochemical oxidants formation P. POFP kg of C,H, eq 1.85 x 10° 1.87 x 10° 1.84 x 10°
Acidification P. ACP kg of SO, eq 2.58x 107! 2.58 x 107! - 1.39x 1072
Eutrophication P. EUP Kg PO, eq 2.26 X 1072 4.13 x 10° 4.34 x 10!

The negative impacts on the environment refer almost
to the totality of the categories assessed, to the option of
disposal of activated sludge in landfill (Scenario A). Then,
the generation of biogas and electric energy using digested
sludge (Scenario B) and finally, the use of activated sludge
as agricultural fertilizer (Scenario C) has smaller participa-
tion in these impacts since it was the one that most generated
environmental benefits.

The positive impacts on the environment are mainly rep-
resented by scenario C. This is explained by the fact that
scenario C presents avoided products such as digested sludge
(agricultural fertilizer). Scenario B did not present itself as
an environmentally feasible treatment due to the low amount
of biogas and energy generated from the activated sludge.

Figure 7a shows the comparative result between the
eleven environmental categories (impacts) for each sce-
nario of ASP sludge samples, generated by the SimaPro®
software, through the column chart presentation. Scenario
C was the one with the best performance in eight of the
eleven categories due to the presence of products avoided
in the process. Thus, the indicators considered to have the
best performance for this scenario are the potential of: ADP,
ADPF, Depletion of the Ozone Layer (DOLP), HTP, FWEP,
MWET, TEP, and ACP.

In Fig. 7b, it is possible to verify the contribution of each
scenario in the impact categories analyzed in terms of area.
It is observed that the points of Scenario C are closer to the
center of the figure, that is, on the negative part of the radar,
presenting the best result, corroborating with the total results
of each scenario in Table 11.

When analyzing Fig. 6a, it can be seen that in ten of the
eleven categories analyzed, except for GWP and MWEP that
had an impact with a minimum percentage, the largest share
in the impact comes from the sanitary landfill, which gener-
ates a negative contribution to the environment. The partici-
pation of flare in the categories involving HTP, FWEP (in
a lower percentage), MWEP, ACP, and EP stands out. The
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drying of UASB sludge in the bed presents a considerable
fraction in the categories of GWP and POFP. It is notewor-
thy that in the software concerning the inputs and outputs
to the sanitary landfill, quantification of leachate slurry in
sanitary landfills was performed. In this case, participation
in categories involving water toxicity is elucidated, prob-
ably because it considers the generation of leachate in the
process.

When analyzing Fig. 7a, it is observed that in seven of the
eleven categories analyzed, except for ACP, which had an
impact with a minimum percentage, the largest share in the
impact comes from the transport that takes place from the
drying bed to the agricultural area, which generates a non-
beneficial contribution to the environment. The participation
of flare in the categories involving HTP, FWEP (in a lower
percentage), MWEP, and ACP stands out. When using the
anaerobic digester, it appears that in all impact categories,
except in HTP, MWEP, ACP, and EUP, the positive impacts
outweigh the negative impacts since it contributes positively
to the environment in six of the eleven categories assessed.
The raw ASP sludge has a negative impact on the GWP and
POFP categories. In the SimaPro® software, energy, biogas,
and digested sludge (sludge obtained after AD) were consid-
ered as avoided products, and the latter must be disposed of
in the agricultural area, previously analyzing the heavy metal
content that the sludge contains. The energy avoided in the
process is equal to 0.00173 MJ. In this case, participation in
categories involving ADPF (Fossil fuels), GWP, HTP, ACP,
and EUP is clarified.

Still, when analyzing Fig. 6a, it can be seen that in eight
of the eleven categories analyzed, the greatest participation
in the impact comes from the transport that takes place from
the drying bed to the agricultural area, which generates a
non-beneficial contribution to the environment. The use of
ASP sludge as an agricultural fertilizer presents a consider-
able fraction in the categories of GWP, POFP, and EUP.
However, on the other hand, it contributes positively to the
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Fig.7 Comparative result between scenarios A, B, and C for ASP sludge, with respect to environmental impacts: a Column chart (top); and b

Radar type chart (bottom)

environment in eight of the eleven categories assessed. It
should be noted that 100% of ASP sludge use as an agricul-
tural fertilizer was considered. Thus, considering a smaller
percentage, the impact graph could vary slightly in the val-
ues of positive impacts. However, given the great difference
between the values of positive and negative impacts pre-
sented, it can be concluded that the positive impacts would
continue to outweigh the negative ones. However, accord-
ing to Singh et al. [14] digestate handling stage contributed
toward the freshwater eutrophication impact category in the
function of emissions to the soil. On the other hand, in the
case of marine ecotoxicity and freshwater ecotoxicity, the

digestate handling state showed beneficial effects due to sav-
ing emissions toward the environment [14]. Brockmann et al.
[13] related that optimizing digested biomass land applica-
tion meaningly decreased the environmental impact in three
categories: terrestrial eutrophication, acidification, and res-
piratory inorganics. The authors justified it because of the
double effect of minimizing ammonia emissions from land
application of digested biomass and growing the amount of
replaced mineral fertilizers and associated emissions yields
in a lower environmental footprint of the oxygenic pho-
togranules biomass system for all impact categories studied.
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However, knowing that in the three scenarios transporta-
tion (from the drying bed of Fania WWTP to the agricultural
area or the CIMASAS landfill in ItajubA—MG), in terms of
fuel (Diesel), corresponds to a considerable fraction in the
categories, contributing negatively to the environment.

Garfi et al. [12] studied and compared the potential envi-
ronmental impacts of activated sludge and constructed wet-
land systems, including the both the construction and opera-
tion phases. But, in that case, the authors considered the
whole system process of WWTP. Therefore, due to the high
electricity and chemical consumption for the conventional
WWTP operation, the environmental impacts were higher
in activated sludge than in constructed wetland systems.
In our study, the boundary limits do not consider the envi-
ronmental impacts of the UASB or ASP WWTPs, just the
produced sludge. Some authors [12, 39] preconized that the
construction impacts could meaningly rise if we transported
materials for nature-based systems implementation from a
long distance or if systems and equipment had a shorter
operation lifetime than that projected. In all scenarios stud-
ied by Garfi et al. [12], sludge transportation and disposal
impacted the categories of Freshwater Eutrophication and
Marine Eutrophication Potentials that accounted for around
15-20% of the overall impact.

Conclusions

This study presented the various environmental impacts
generated from sludge management from the most com-
mon domestic sewage treatments in Brazil, e.g., UASB and
ASP sludge. We used LCA and considered the energy use
of biogas generated during its AD. Three post-use scenarios
were applied to this process for the two abovementioned
types of sludge, totaling six scenarios. Data concerning the
production and yield of biogas and methane were obtained
from Cafiote et al. [19] for Copasa and Fania WWTPs, Ita-
jubd, in Minas Gerais, Brazil.

We also carried out the analysis of heavy metals to ana-
lyze the possibility of using digested sewage sludge after
AD as an agricultural fertilizer since the samples assessed
comply with all legislation parameters in force in Brazil. The
elements found with a significant presence in the treatment
of UASB sludge samples and activated sludge, before and
after AD, were as follows: Oxygen (O), Carbon (C), Alu-
minum (Al), Silicon (Si), Iron (Fe), Calcium (Ca), Sulfur
(S), Phosphorus (P), Sodium (Na), Chlorine (Cl), Potassium
(K), Magnesium (Mg), Titanium (Ti), Zinc (Zn), and Cad-
mium (Cd), assessed as a percentage (%) of normalized con-
centrations. The main conclusions are presented as follows:

e When analyzing the energy data, it was found that for
each ton of total solids (TTS) of sewage sludge (FU
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used in LCA) submitted to AD. The energy avoided for
UASB sludge is 0.0502 M1J. For activated sludge, it is
0.00173 MJ. The categories analyzed by the LCA were:
abiotic depletion potential—fossil fuels, global warming
potential, human toxicity potential, acidification poten-
tial, eutrophication potential.

e In the LCA analysis for UASB sludge samples, it is veri-
fied that the negative impacts on the environment refer
almost in all of the categories assessed to the option of
the disposal of the UASB sludge in landfill (Scenario A).
Following the use of UASB sludge as an agricultural fer-
tilizer (Scenario C) and finally, the generation of biogas
and electric energy using the digested sludge (Scenario
B) presented the best performance in seven of the eleven
categories. Positive impacts on the environment were
obtained.

e In the LCA analysis for ASP sludge samples, it is veri-
fied that the negative impacts on the environment refer
almost in all of the categories assessed to the option of
the disposal of the activated sludge in landfill (Scenario
A). The generation of biogas and electric energy using
the digested sludge (Scenario B) and, finally, activated
sludge as agricultural fertilizer (Scenario C). This last
scenario presented the best performance in eight of the
eleven categories due to the presence of products avoided
in the process. Thus, the indicators considered to have the
best performance for this scenario, the potential of ADP,
ADPF, DOLP, HTP, FWEP, MWET, TEP, and ACP.

e Therefore, one can conclude that in the three scenarios
transportation (from the drying bed of each WWTP to
the agricultural area or the CIMASAS landfill in Ita-
juba—MG), in terms of fuel (Diesel), corresponds to
a considerable fraction in the categories, contributing
negatively to the environment.

e The use of digested sludge as an agricultural fertilizer,
since it improves the soil’s properties by having a high
content of organic matter, is beneficial in the biology and
structure of the soil.
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