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Abstract 14 

The production of sludge from the sewage treatment plants is increasing as a result of population increase and 15 

public policies to improve the sanitation sector. This sludge presents a potential risk to health and the environment 16 

representing major challenge for sanitation companies regarding treatment and final disposal of this material. The 17 

solution is in the circular-economy concept: this sludge presents favorable characteristics to be used as raw-18 

material in the ceramic industry. This study seeks to quantify the environmental impacts related to the atmospheric 19 

emissions caused and to the consumption of resources when 10% of clay is replaced by sewage sludge in the 20 

production of bricks. Life cycle assessment tools were used to establish a comparison between the common 21 

scenario of the brick production using ceramic mass only from clay and the scenario with the incorporation of 10% 22 

of sewage sludge. The results revealed that the incorporation of the sewage sludge has multiple benefits, regarding 23 

the decrease of the environmental impacts in all the categories studied: 15% in the energy savings, 15% in the 24 

terrestrial acidification and the formation of fine particles, 10% in scarcity of mineral resources and 8-10% in 25 

formation of photochemical ozone. 26 

 27 
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1. Introduction 29 

On a daily basis, domestic and industrial sewage collection and treatment systems generate large amounts of waste, 30 

sludge being the main one. One of the biggest challenges of the generated sludge is its proper disposal. Usually, 31 

at the end of the process the sludge produced is incinerated, landfilled, or used in agriculture. However, there are  32 

projects of sewage treatment plants that neglect  the proper disposal of this material , which causes major financial 33 

and environmental problems (Duarte 2008). Recycling this waste material and turning it into  bricks could reduce 34 

the problems of waste disposal while favoring its use in the construction industry (Joo‐Hwa 1987; Okuno and 35 

Takahashi 1997; Weng et al. 2003; Keerthana et al. 2019). Researches has been carried out to find an 36 

environmental friendly material and method, as well as alternative low cost material for building purposes (Joo‐37 
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Hwa 1987; Jianu et al. 2018; Areias et al. 2020; Erdogmus et al. 2021; Gencel et al. 2021; Limami et al. 2021; 38 

Minh Trang et al. 2021; Zat et al. 2021). An important part of global industrial production results in the production 39 

of massive quantities of industrial by-products or other solid wastes and the best way to handle the solid waste is 40 

through recycling and reusing it into new products (Kioupis et al. 2018). In addition, these investigations have also 41 

shown a significant lower impact towards the environment by incorporating these wastes into fired clay brick 42 

(Azevedo et al. 2020; Mendes et al. 2019; Kadir and Rahim 2014). 43 

The sludge is the result of processes of primary settling or secondary in the sewage treatment systems, not including 44 

any solid waste generated in the procedures of de-sanding, railings and screening (CNMA 2021). Thus, its 45 

composition can vary according to the treatment used in the plants and the origin of the sewage (França Junior 46 

2008). Furthermore, the sludge may contain heavy metals, microorganisms, pathogenic and toxic organic 47 

compounds which present major limitations on the correct choice of final destination for this waste (Araujo 2008). 48 

According to Resolution 375 of the National Council of Natural Environment of Brazil (CONAMA), the sewage 49 

sludge presents great risks to health, through the environment and can lead to the proliferation of harmful vectors 50 

(CNMA 2006). Because of this, the disposal of this material demands appropriate technologies, studies on the 51 

environmental impacts that may be caused, as well as cost analysis of the processes to be employed. 52 

The allocation of the sludge to landfill lacks many specific cares, such as the choice of the site, the project to 53 

mitigate the percolation of the material leachate, determinations for the treatment of gases and the leachate 54 

generated, among others (Araujo 2008). According to Mateo-Sagasta et al. cities produce large amounts and the 55 

quality of the wastewater depends on their source, the way in which they are collected and the treatment they 56 

receive. The final fate of these wastes is also very diverse. The resources embedded in the approximately 330 57 

km3/year of municipal wastewater that are globally generated would be theoretically enough to irrigate and fertilize 58 

millions of hectares of crops and to produce biogas to supply energy for millions of households (Mateo-Sagasta et 59 

al. 2015). 60 

With regards to the city of Montes Claros (Minas Gerais, Brazil), currently, on average, 252 tons of sewage sludge 61 

are generated per month in the sewage treatment of the municipality, according to the Minas Gerais Sanitation 62 

Company (COPASA), with this waste ending at the sanitary landfill located inside the station. In reality, an 63 

increase of the production of sewage sludge is expected for the coming years. In fact, considering the growth of 64 

urban centers and the expansion of the public policy for sewage treatment the Federal Law of Brazil n. 14026 of 65 

15 of July of 2020 (Legislative 2020) establishes that the local government must provide public services sanitation. 66 

Besides, it stipulates targets for the sewage collection that includes 90% of the population up to December of 2033. 67 

Therefore, it is crucial to adopt more efficient practices for the sludge produced from the sewage treatment plants. 68 

The circular-economy concept seems to be the solution, for instance, with the sewage sludge becoming a raw-69 

material that partially replaces the clay mass in the production of ceramic materials.  70 

The application of sewage sludge in the ceramic industry is a practice already used in several other countries and 71 

has positive advantages in reducing health risks. The ceramic industry appears to be widely favorable to receive 72 

industrial solid wastes, especially for absorbing new materials in the composition of its raw material (Araujo 2008). 73 

The main advantages are  the stabilization of heavy metals in the ceramic matrix and elimination of pathogens in 74 

burns at high temperature phase (Romano et al. 2020). In addition, the constant production of industries combined 75 
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with the high demand for ceramic products in the market, is shown as a favorable characteristic to the incorporation 76 

of the sewage sludge in the ceramic matrix as an alternative to waste disposal.  77 

According to Montezuma Ceramic, which manufactures and sells bricks in the city of Montes Claros (Minas 78 

Gerais, Brazil), the factory has a burning capacity of two ovens and produces about 3000 tons of bricks, yearly. 79 

Recently, Cangussu et al. (Cangussu et al. 2021) carried out an exploratory study with the sewage sludge from the 80 

treatment plant of COPASA. The authors showed that this sludge could replace 10% of the clay materials in the 81 

production of solid bricks without losing important properties.  82 

This paper advances the exploratory study carried out by Cangussu et al. (Cangussu et al. 2021) and aims to 83 

analyze the environmental impacts arising from the use of sludge from a Sewage Treatment Plant, through the Life 84 

Cycle Assessment tool. Here, three scenarios are replicated; with the environmental impacts of the solid bricks 85 

production with and without sewage sludge analyzed and compared. Life cycle assessment (LCA) is used as a tool 86 

to investigate environmental sustainability and can be explored to integrate with social and economic effects to 87 

quantify environmental impacts for energy generation from crop residues (Prasad et al. 2020). The tool is also used 88 

in others sectors of the economy (Sazdovski et al. 2021) and by researchers from all over the world (Christensen 89 

et al. 2020). 90 

The transition towards a circular economy in the built environment is vital to reduce resource consumption, 91 

emissions and waste generation. To support the development of circular building components, assessment metrics 92 

are needed. Previous work identified LCA as an important method to analyze the environmental performance in a 93 

circular economy context (Jansen et al. 2020). 94 

Taking into consideration the effects on the environment generated by the waste utilizations, the LCA methodology 95 

was applied. This tool is based on the study of environmental contributions to each stage of a product or system 96 

through analysis of quantitative inputs of energy and necessary inputs and waste outputs and emissions to the 97 

environment (Gutierrez 2014). Thus, LCA was applied to determine the benefits linked to environmental impacts 98 

and the use of resources in the use of these wastes, helping to make conclusions about the most appropriate end 99 

use sewage sludge.  100 

2. Methodology: Life Cycle Assessment (LCA) 101 

LCA approaches are internationally standardized tools used to assess impacts in production processes and are thus 102 

also suitable for the sustainability assessment of bio/eco-based products (Areias et al. 2020; D’Amato et al. 2020; 103 

Ramos Huarachi et al. 2020; Erdogmus et al. 2021; Zhang and Biswas 2021). LCA can provide valuable 104 

information for material selection, design and optimization by generating insight into environmental ‘pinch- 105 

points’, savings opportunities and trade-offs (Tapper et al. 2020). 106 

The construction of the LCA was carried out considering the criteria and recommendations described in the 107 

standards ABNT NBR ISO 14040:2014 (ABNT 2014a) – “Environmental management – Life Cycle Assessment: 108 

Principles and Structure” and ABNT NBR ISO 14044:2014 (ABNT 2014b) – “Environmental management – Life 109 

Cycle Assessment: Requirements and Guidelines”. According to these standards, the LCA should contain in its 110 

structure four fundamental steps: the objective and scope; the analysis of inventory; the evaluating impact; and the 111 

interpretation (see Fig. 1). 112 
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 113 

 114 

Fig. 1. Phases of an LCA. 115 

 116 

For the definition the objective of the LCA, it was decided that the purpose of the research is to analyze the 117 

environmental impacts related to atmospheric emissions and depletion of natural resources in the ceramic brick 118 

production chain and compare the impacts observing the common production system (Scenario I) and the system 119 

using sewage sludge in the ceramic mass (Scenario II). Furthermore, the objective was to evaluate the 120 

environmental impacts on the production system of bricks with incorporation of sludge, assuming that diesel 121 

consumption would be equal to fuel consumption in common production (Scenario III). 122 

 The boundaries of the system were established considering the steps of extraction and obtaining the raw material, 123 

transport of clay and production of ceramic bricks, as represented by the dashed line in Fig. 2. As the study 124 

consisted of a simplified evaluation, based only on the production phases and not considering the final distribution 125 

of the product, only processes with greater contribution to the system were detailed and the study was classified 126 

as Cradle-to-gate. Cradle-to-gate assessments can be a useful basis from which to derive indicators for proposing 127 

mitigation actions for reducing environmental impacts from the production phase up to the packaging conversion 128 

process (Sazdovski et al. 2021). 129 

 130 

 131 

Fig. 2. System boundaries. 132 

 133 

The unit functional (UF) was also defined as the input of 1 ton of ceramic material for burning in the three 134 

scenarios. According to ABNT NBR ISO 14040 (ABNT 2014a), it is necessary to determine this unit to ensure 135 

the possibility of comparing LCA results using a common basis. For the analysis of the LCA of the study, the 136 

OpenLCA software was used, as it is a free and open-access tool. The method adopted to assess the impacts was 137 

ReCiPe 2016, as it is a widely used method and deals with a midpoint approach, characterizing potential impacts 138 

to the environment. The inventoried data consists of raw material and energy inputs and outputs of atmospheric 139 
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emissions and products. It used a free library available on the online platform of software, especially 140 

BioEnergieDat, of German origin, combined with the LCA methods package OpenLCA. In addition, other data 141 

applied in the survey that was not included in existing databases was collected from literature reviews on the 142 

production of ceramics and the generation of sewage sludge, including the geographic region of the study. For a 143 

better visualization of the individual contributions of each stage of the life cycle, Flow of Life Diagrams (FLD) 144 

were constructed indicating the inputs and outputs of each elementary process of the system, as shown in Fig. 3. 145 

The survey of inputs and outputs of each elementary process was done considering the unit functional and the flow 146 

was represented indicating the predecessor and successor process. 147 

The characteristics of the bricks to be produced in the two scenarios were obtained from the exploratory research 148 

carried out by Cangussu et al. (Cangussu et al. 2021) which is in agreement with the data from the research of 149 

Silva (Silva 2016), both researches about the technical feasibility of incorporating sludge into red ceramics. 150 

According to the author, bricks with the addition of 10% of sludge in their total mass showed appropriate 151 

mechanical results and met the minimum requirements defined by current standards. 152 

 153 

 154 

Fig. 3. Flow of Life Diagram (FLD). 155 

 156 

Considering the unit functional of the present work, the extraction of 1.0 ton of clay was considered in Scenario I. 157 

In Scenarios II and III, considering the incorporation of 10% of dry sludge in the total mass, the amount of clay to 158 

be extracted was 0.9 ton. 159 

According to the Ministry of Energy and Mines of Brazil (MME 2009), the average consumption of diesel for clay 160 

extraction in a captive mine is 0.80 liters per ton. Thus, in Scenario I the consumption of diesel for extraction of 161 

clay is 0.80 liters. However, in Scenarios II and III the consumption is 0.72 liters. 162 

The atmospheric emission factors generated by clay extraction with a backhoe, based on the consumption in liters 163 

of diesel, is described in Table 1. The emissions of methane (CH4) and nitrous oxide (N2O) were calculated using 164 

the atmospheric emission factors of diesel burning in medium trucks (MMA 2013). 165 

 166 

Table 1. Emission factors for mining machines - Backhoe. 167 

CO2 (g/L) CO (g/L) Nox (g/L) SO2 (g/L) MP (g/L) 

2466.2 15.5 38.5 0.8 5.8 

Source: (Seye 2003). 168 

 169 
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The processes for obtaining and drying the sludge were not analyzed in the LCA, covering only the phase of 170 

transporting the material to the brick manufacturing industry in the life cycles of waste reuse scenarios. 171 

In the transport flow of the extracted clay to the ceramics, a 5 km distance was assumed. In the stage of transporting 172 

the sludge from the Sewage Treatment Plant to the ceramic plant, a distance of 10 km was assumed, based on the 173 

real context. To calculate diesel consumption in each phase of transporting materials and emissions generated by 174 

burning the fuel, the National Inventory of Atmospheric Emissions by Road Motor Vehicles, launched in 2014 by 175 

the referred to Ministry of the Environment, was used. Transport flows were analyzed considering a mileage of 176 

5.6 km per liter of diesel consumed, using a dump truck with a load of 13 000 kg. 177 

Thus, for transporting a load of 1.0 ton of clay in Scenario I, there is a consumption of 0.0686 liters of diesel. On 178 

the other hand, to transport the load of 0.9 ton of clay in Scenario II, the consumption is 0.0618 liters. Also in this 179 

scenario, considering the transport of a load of 0.1 ton of sludge from the sewage treatment plant to the ceramic 180 

plant, the diesel consumption is 0.0137 liters. 181 

In Scenario III, the diesel consumption is equal to the total consumption in Scenario I, which corresponds to 0.8686 182 

liters. Thus, considering that the quantity of diesel required in the extraction of Scenario III is 0.72 liters and the 183 

transport of clay uses 0.0618 liters, the consumption of diesel in the transport of sludge is 0.0869 liters. Thus, in 184 

this scenario, the Sewage Treatment Plant is artificially located at a distance of 63.2 km from the brick production 185 

plant. Calculations of atmospheric emissions from burning diesel were made using pre-established factors as 186 

described in Table 2. 187 

 188 

Table 2. Atmospheric emission factors for trucks with diesel engines. 189 

CO2 

(kg/L) 

CO 

(g/km) 

NOx 

(g/km) 

N2O 

(g/km) 

CH4 

(g/km) 

HC¹ 

(g/km) 

MP² 

(g/km) 

2.603 2.856 5.74 0.168 3.36 0.0336 0.0392 
¹ Non-methane hydrocarbons; ² Particulate material 190 

Source: Adapted from Ref. (MMA 2013). 191 

 192 

To determine the production flow data of the bricks, the material burning step was considered only, considering 193 

that the other phases (homogenization, lamination and drying) are similar for the three analyzed systems. The 194 

furnace type adopted for the burning was Cedan, as the model present in the mentioned factory, with an energy 195 

yield of 409 kcal/kg and thermal efficiency of 54%, according to the manual Efficient Furnaces for the Red 196 

Ceramic Industry, launched in 2015 by the National Institute of Technology of Brazil (INT). 197 

Eucalyptus sawdust is the energy source for burning used in the Montes Claros industry. However, considering 198 

that emissions from biomass burning depend on its state and composition, data referring to wood burning was 199 

adopted (FEAM, 2012), due to the lack of in-depth information on the sawdust used. The calorific value of the 200 

material is 3100 kcal/kg, according to the National Energy Balance based on the year 2019. The maximum firing 201 

temperature is 900 °C, and the furnace is gradually heated until reaching the final temperature and remaining 202 

stabilized. The atmospheric emission factors for the burning process are shown in Table 3. 203 

 204 
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Table 3. Atmospheric emission factors for the burning process. 205 

MP (kg/ton) SOx (kg/ton) CO (kg/ton) HC (kg/ton) 

5.0 0.75 1.3 1.35 

Source: FEAM (Ambiente et al. 2012). 206 

 207 

One of the limitations in the development of the research consisted in the quantification of emissions data in the 208 

firing step of the ceramic pieces with sludge utilization. Areias (2015) concluded in his study that the incorporation 209 

of sewage sludge into red ceramics increases the porosity of the bricks, but also causes a decrease in energy 210 

expenditure during the burning stage due to the release of heat from the burning of organic matter. Due to the lack 211 

of available information on gas emissions in this process, these outputs were not considered in the elementary 212 

flow, proceeding only with an analysis of energy savings. The findings of this author (Areias 2015) were used in 213 

this study. Thus, the calorific power of the sewage sludge was assumed to contribute 1158 kcal per kg of sludge. 214 

The effluent and waste output data from the brick production process were not added to the LCA, as they are not 215 

included in the objective of the study. In developing of the impact life cycle assessment (LCIA), defined categories 216 

of impact being evaluated were namely: global warming; formation of fine particles, mineral resources scarcity, 217 

photochemical ozone formation – effects on vegetation; photochemical ozone formation – effects on human health; 218 

destruction of stratospheric ozone; and terrestrial acidification. The categories were selected according to the 219 

objective of the LCA, considering those that are most addressed in studies related to the production of ceramic 220 

products and that are directly impacted by atmospheric emissions and consumption of natural resources. 221 

In the interpretation stage, the results of the data inventory analysis and the impact assessment were verified to 222 

validate the conclusion of the LCA objective and generate recommendations on the analyzed systems. 223 

3. Results and Discussions 224 

The three analyzed scenarios used the OpenLCA considering each chain process flows shown in Fig. 4 and Fig. 5. 225 

In the sludge transport process, represented in Fig. 6, the input consists of diesel consumption and the outputs were 226 

the atmospheric emissions from transport and the quantity of sludge transported, according to the quantities 227 

described in Table 4. The elementary sludge transport process was considered only in the life cycles of systems 228 

with waste recovery (Scenário II and III). For the clay extraction process, the FLD built was the same for the three 229 

scenarios, with energy inputs and emission outputs and the clay itself, according to Fig. 7. However, the resulting 230 

quantities have variations, as shown in Table 5. 231 

 232 

Fig. 4. Modeling Scenario I. 233 

 234 
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 235 

Fig. 5. Modeling Scenario II and III. 236 

 237 

 238 

Fig. 6. FLD of the sludge transport process. 239 

 240 

Table 4. Inputs and outputs of the sludge transport process. 241 

Scenario Appetizer Departures  

 Energy Atmospheric Emissions By-product 

 Diesel Oil 

(L) 
CO2 (kg) CO (g) NOx (g) N2O (g) CH4 (g) HC (g) MP (g) 

Dried Sludge 

(ton) 

II 0.0137 0.036 0.039 0.079 0.002 0.046 0.0005 0.0005 0.1 

III 0.0869 0.226 0.248 0.499 0.015 0.292 0.0029 0.0034 0.1 

 242 

 243 

Fig. 7. FLD of the clay extraction process. 244 

 245 

Table 5. Inputs and outputs of the clay extraction process. 246 

Scenario Input Output 

  Energy Atmospheric emissions By-product 

 Diesel oil 

(l) 
CO2 (kg) CO (g) Nox (g) SO2 (g) CH4 (g) MP (g) Clay (g) 

Scenario I 0.800 1.97 12.40 30.80 0.640 2.69 0.134 4.64 

Scenario II 0.720 1.77 11.16 27.72 0.576 2.45 0.121 4.18 

Scenario III 0.720 1.77 11.16 27.72 0.576 2.45 0.121 4.18 

 247 

The FLD of the clay transport process to the brick production area was elaborated considering the input of fuel 248 

and the output of atmospheric emissions, represented by Fig. 8. The quantities are arranged in Table 6. The FLD 249 

of the brick production was determined considering the inputs and outputs related to the burning process of the 250 

material, as shown in Fig. 9. 251 
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 252 

Fig. 8. FLD of the clay transport process. 253 

 254 

Table 6. Inputs and outputs of the clay transport process. 255 

Scenario Input Output 

  Energy Atmospheric emissions 

 Diesel oil 

(g) 
CO2 (kg) CO (g) Nox (g) N2O (g) CH4 (g) HC (g) MP (g) 

Scenario I 0.0686 0.18 0.196 0.394 0.012 0.231 0.0023 0.0027 

Scenario II 0.0618 0.16 0.177 0.355 0.010 0.208 0.0021 0.024 

Scenario III 0.0618 0.16 0.177 0.355 0.010 0.208 0.0021 0.024 

 256 

 257 

Fig. 9. FLD of the brick production process. 258 

 259 

With regards to the energy analysis, as calculations performed by Areias (2015) seeking to evaluate the energy 260 

savings of biomass caused by the incorporation of sewage sludge in the production of bricks. 261 

Considering that the specific consumption of the Cedan kiln is 409 000 kcal/ton and the thermal efficiency is 54%, 262 

the energy demand for burning 1.0 ton of the ceramic product is 757 407 kcal. Since the calorific value of firewood 263 

is 3100 kcal/kg, the required consumption of firewood is 244.33 kg. 264 

In Scenarios II and III, with the use of 10% of the sewage sludge in the mass of the ceramic matrix, a total quantity 265 

of 0.1 ton of waste is incorporated. Thus, considering the calorific power of the sewage sludge as 1158 kcal/kg, it 266 

results in a supply of 115 800 kcal for the residue. Assessing the yield of waste in relation to total consumption, 267 

which corresponds to 757 407 kcal, results in energy savings of approximately 15.29%. Thus, taking into account 268 

the use of all the heat generated within the bricks by the sewage sludge, the incorporation of the sewage sludge in 269 

the ceramic causes a yield in relation to firewood of 37.35 kg. Another study (Girondi et al. 2020) investigated the 270 

use of cigarette waste in ceramic mixtures at mass ratios of 0%, 2.5%, 5%, 7.5% and 10%, and concluded that 271 

exothermic peaks occur in the mixture with 10% cigarette waste. To calculate the output of brick mass after burning 272 

in the systems, the loss of mass to fire was considered. Here, the loss of mass was estimated based on finding of 273 

Ref. (Silva 2016). Thus, for the loss of mass to fire, in Scenario I a percentage of 9.47% was adopted. As there is 274 

an increase in the loss of mass to fire in bricks using the sludge, for the loss of mass to fire, in Scenarios II and III 275 

a percentage of 16.8% was adopted. 276 
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In Scenario I, with 9.47% of mass loss, the final quantity produced is 0.905 tons, while, in Scenarios II and III, 277 

whose mass loss is 16.8%, the final production corresponds to 0.832 ton of bricks. In this sense, based on the 278 

apparent post-firing specific mass, the resulting quantities from the burning process for each scenario were 279 

described in Table 7. With the quantitative data from each stage of the analyzed systems, the software was launched 280 

and the life cycle impact assessment report was generated for the previously defined impact categories. The results 281 

of each category in the two analyzed scenarios, according to the impact factors of the ReCiPe 2016 method, are 282 

shown in Table 8. 283 

 284 

Table 7. Inputs and outputs of the brick production process. 285 

Scenario Input     Output 

  Energy By-product Atmospheric emissions* Product 

  
Firewood 

(kg) 
Clay (t) 

Sludge 

(t) 
SO (kg) CO (kg) MP (kg) HC (kg) Bricks (t) 

Scenario I 244.33 1.0 - 0.183 0.32 1.22 0.33 0.905 

Scenario II 206.98 0.9 0.1 0.155 0.27 1.03 0.28 0.832 

Scenario III 206.98 0.9 0.1 0.155 0.27 1.03 0.28 0.832 

 286 

 287 

The comparison of the results of each impact category between Scenarios I, II and III can be better visualized 288 

through the graph represented in Fig. 10. The graph presents the results according to the relative percentages of 289 

impacts generated in each scenario. Thus, for each impact category, the maximum result is defined as 100% and 290 

the impacts generated in the other scenarios are represented as a percentage of this result. Fig. 11 to Fig. 16 presents 291 

the individual influence of each elementary process on the total impacts generated in each category in Scenarios 292 

I, II and III. 293 

 294 

Table 8. Results of the Life Cycle Impact Assessment by the ReCiPe method 2016. 295 

Category Impact Scenario I Scenario II Scenario III Unit 

Terrestrial acidification 1.95114e-1 1.65939e-1 1.66090e-1 kg SO2 eq 

Global warming 2.29446e+0 2.10302e+0 2.30540e+0 kg CO2 eq 

Stratospheric ozone 

depletion 
1.60532e-6 1.47018e-6 1.60532e-6 

kg CFC11 

eq 

Shortage of mineral 

resources 
1.04000e+1 9.36000e+0 9.36000e+0 kg Cu eq 

Photochemical ozone 

formation, effects on 

human health 

3.11942e-2 2.81537e-2 2.85734e-2 kg NOx eq 

Photochemical ozone 

formation, effects on 

vegetation 

3.11942e-2 2.81537e-2 2.85734e-2 kg NOx eq 

Fine particle formation 5.67576e-2 4.82799e-2 4.83261e-2 kg PM2.5 eq 

 296 
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 297 

Fig. 10. Representation of the relative percentages of impacts generate. 298 

Considering terrestrial acidification and the formation of fine particles, there was a reduction of approximately 299 

15% of the effects generated in Scenarios II and III, with the use of sludge in the production of bricks, compared 300 

to production without incorporation of sludge. In the category of scarcity of mineral resources, there was, on 301 

average, a 10% decrease in potential impacts in Scenarios II and III. Regarding the formation of photochemical 302 

ozone (effects on human health and vegetation), the impacts were reduced by 10% in Scenario II and 8% in 303 

Scenario III. Considering the categories of global warming and stratospheric ozone depletion, in Scenario II there 304 

was a 9% reduction in the impacts caused. However, Scenario III presented similar results in these categories to 305 

Scenario I. 306 

Another study, using ornamental stone waste in ceramic parts, also concluded that the incorporation of waste 307 

material alleviates environmental impacts in general, contributing to the reduction of the use of clay as raw material 308 

in the production of ceramic parts, contributing to the sustainability of industrial activity. The study points out as 309 

the main result, the reduction of 35.74% of the impacts related to the category of the emission of greenhouse gases, 310 

and scarcity of mineral resources, 14.83% reduction (Barbosa et al. 2021).  311 

A study carried out in China, performance various options combining sludge treatment technologies and disposal 312 

schemes using LCA. The authors investigated six scenarios involving various sludge treatment technologies and 313 

disposal strategies: landfilling (S1), mono-incineration (S2), co-incineration (S3), brick manufacturing (S4), 314 

cement manufacturing (S5), and fertilizer for urban greening (S6). The results indicate that S2 has the best 315 

Greenhouse Gas (GHG) performance, followed by S4. The substitution rate for the brick manufacturing (S4) was 316 

10% and they observed that the material offset is equivalent to the emissions avoided during stone mining and 317 

quarrying as well as in the transportation stages of the corresponding raw materials required for brick/cement 318 

manufacturing. Based on the life cycle inventory analysis, the GHG emissions, the S2 was in the second position. 319 

Also, the energy recovery offsets in S4 was very large (50.9%), thus resulting in good Global Warming Potential 320 

(GWP) performance. The carbon sequestration could significantly improve the GHG performance of S6, which 321 

may nearly become the second best (S4) scenario (Liu et al. 2013). 322 
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Fig. 11. Impacts of terrestrial acidification (kg SO² eq). Fig. 12. Global warming impacts (kg CO²eq). 

  

Fig. 13. Impacts of stratospheric ozone destruction (kg 

CFC11eq). 

Fig. 14. Impact and scarcity of mineral resources (kg 

Cu eq). 

 323 

  

Fig. 15. Impacts formation of photochemical ozone 

effects on human health and vegetation (kg NOx eq). 

Fig. 16. Formation of fine particles (kg PM2.5 eq). 

 

 324 

Comparing the Scenarios I and III wherein the consumption of diesel was the same (due to in Scenarios III the 325 

sewage treatment plant was artificially placed at the distance of 63.2 km from the ceramic plant), it is observed 326 
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that the incorporation of 10% of sewage sludge still has several environmental benefits because it reduces all the 327 

environmental impacts apart from the ones controlled by the diesel consumption. 328 

4. Final Remarks and Conclusions 329 

Previous studies wherein the replacement of 10% of clay by sewage sludge demonstrated that the properties of 330 

solids bricks were not negatively affected. Here, the corresponding environmental benefits were evaluated based 331 

on the life cycle assessment methodology. Based on the results obtained by applying the life cycle assessment 332 

methodology, it was possible to conclude that the production process of ceramic bricks with the incorporation of 333 

sewage sludge causes less environmental impacts in several impact categories. With the replacement of 10% of 334 

the sewage sludge in the mass of the ceramic matrix the following findings were found: 335 

- Energy efficiency is improved with energy savings of approximately 15%. 336 

- Reduction of approximately 15% of the effects generated in the terrestrial acidification and in the 337 

formation of fine particles. 338 

- Circa 10% decrease in the potential impacts in the scarcity of mineral resources. 339 

- The impacts in formation of photochemical ozone was decreased by 10% in Scenario II and 8% in 340 

Scenario III. 341 

It is noteworthy that the results obtained through the life cycle assessment represent potential impacts, not precisely 342 

translating the actual impacts caused, as these are correlated with particular characteristics of the affected regions. 343 

More studies are necessary, among others, the authors highlight the need to study the atmospheric contributions 344 

generated by the handling and burning of the sludge during the production of ceramic materials and during the 345 

thermal drying of the waste in the sewage treatment plant. Also to evaluate the waste disposal life cycle in landfill 346 

and analyze the costs of the processes, in order to expand the study scenarios and obtain more data for decision-347 

making on the best disposal of the waste. 348 
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