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ABSTRACT. This paper assesses the environmental consequences of diverting primary sludge from its conventional end-of-life option 

– incineration – to its use in the production of composites. The study focuses on the environmental consequences of possible decision-

making rather than simply accounting for the environmental impacts. The study identified that, despite primary sludge incinerat ion has 

a small climate change impact of 0.01 kg CO2-eq. per functional unit of 0.44 kg of primary sludge, primary sludge utilization in the 

production of composites is a more environmentally friendly option. This is due to a high reduction potential of climate change and 

abiotic resources consumption through the substitution of virgin plastic of 2.5 kg CO2-eq. even if the composite production has a higher 

impact of 1.3 kg CO2-eq. compared to incineration of the sludge. However, sensitivity analysis showed that the production of composites 

replacing plastics is only a better alternative for as long as virgin plastic is substituted at the minimum ratio of 1: 0.7. The low substitution 

rate is possible if the properties of the produced composites or their functionality is worse than those of virgin plastic. In such cases, in- 

cineration of primary sludge is a better alternative.  
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1. Introduction 

Pulp and paper industry is at the forefront of the economic 

development of forest-rich countries, including Canada and 

Finland. The industry has provided jobs and economic growth 

over decades, while providing basic products such as pulp and 

paper and advancing their technologies to production of ad- 

vanced materials, such as second-generation biofuels and nano- 

cellulose (Bajpai, 2013). However, the industry has been facing 

serious threats from the fast-expanding digitalization and de- 

materialization (Hilbert and López, 2011). 

To be competitive across and within the industry, pulp and 

paper companies seek to explore various opportunities to en- 

able the key principles of sustainability including the reduction 

of the environmental impact and implementation of the circular 

economy paradigms. One example is the management of waste- 

water treatment plant (WWTP) residues such as primary and 

secondary sludge (Faubert et al., 2016). Many such streams 

found their destiny in multi-fuel boilers thus significantly de- 

creasing the amount of waste landfilled. Still, possibilities for 

material recovery prior to incineration are prioritized going 

along with the waste hierarchy. 
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Primary sludge was proven to be a suitable raw material in 

the production of high-density polyethylene (HDPE)-based 

composites (Mustonen et al., 2019). The water adsorption and 

thickness swelling were significantly improved compared to 

the reference specimen made of wood flour. Furthermore, the 

impact strength after cyclic freeze-thaw tests showed to be sta- 

ble. 

As to the best knowledge of the authors, there have not 

been any publications on the assessment of the environmental 

impact of composites made of primary sludge. At the same time, 

life cycle assessment (LCA) studies on sewage sludge are plen- 

tiful (Suh and Rousseaux, 2002; Lundin et al., 2004; Houillon 

and Jolliet, 2005; Hong et al., 2009), as well as LCA studies on 

polymer composites made of waste (Väntsi and Kärki, 2015; 

Sommerhuber et al., 2017; Liikanen et al., 2019; Fuchigami et 

al., 2020). Doustmohammadi and Babazadeh (2019) explored 

the possibilities for designing closed loop supply chain of com- 

posite industry which could reduce costs, as well as environ- 
mental impacts. 

The goal of this paper is to assess the environmental im- 

pacts of using primary sludge in the production of polymer 

composites. The technical feasibility of composites production 

was studied extensively in previous studies by the authors 

(Lahtela et al., 2017; Mustonen et al., 2019). Furthermore, the 

paper compares this alternative utilization scenario with the 

baseline scenario of primary sludge incineration so as to facil-

itate decision-making in companies aiming at the reduction of 
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their environmental impacts and promotion of the circular eco- 

nomy. Despite a wide range of systems analysis methods avail- 

able and models built to predict the result based on scientific 

facts (e.g. the study by Liu et al. (2012)), LCA was used in this 

study owing to its holistic assessment nature tailored for deci- 

sion-making. 

2. Methods 

The production of composites using primary sludge was 

modelled after Mustonen et al. (2019) in terms of the recipe and 

after the study by Liikanen et al. (2019) in terms of the inven- 

tory data. The environmental impacts were assessed using LCA 

methodology following the ISO standards (SFS-EN ISO 140- 

40, 2006; SFS-EN ISO 14044, 2006). The LCA followed the 

so-called consequential approach which is often used to help 

decision-makers on defining the least environmentally burden- 

ing option. To a broader extent, the study also includes sensiti- 

vity analysis as to show how the data use in LCA can help in 

uncertain situations. 

 

2.1. Primary Sludge 

The primary sludge studied in this paper originates from a 

wastewater treatment plant of a biorefinery located in Lappeen- 

ranta, Finland. The solids content of sludge is 43%. The lower 

heating value of the sludge ranges from 15±4 MJ/kg on dry 

basis (Ojanen, 2001). The sludge mostly consists of wood fi- 

bers. Currently, primary sludge is incinerated in a multi-fuel 

boiler with energy recovery. As the name suggests, the multi-

fuel boiler incinerates various fuels, including bark, wood resi- 

dues, peat, primary sludge, and secondary sludge, among other 

fuels. 

 

2.2. Goal and Scope 

The goal of this study is to compare two scenarios (base- 

line and alternative scenarios) of primary sludge management, 

thus facilitating environmentally-oriented decision-making at a 

company level. The baseline scenario (S0-INC) implies cur- 

rently practiced incineration of primary sludge in a multifuel 

boiler. The alternative scenario (S1-COM) studies the use of 

the primary sludge in the production of composites. The func- 

tion of the studied product system is to treat primary sludge. 

The functional unit is set to 0.44 kg of primary sludge with the 

properties described in Section 2.1. The functional unit was 

derived from the alternative scenario where this amount of pri- 

mary sludge is required to produce 1 kg of composites. 

 

2.3. System Boundaries 

The system boundaries of the two scenarios are illustrated 

in Figure 1. Both scenarios begin with the primary sludge input 

to the system. Possible impacts associated with the sludge gen- 

eration was excluded following the zero-burden approach (Ek- 

vall et al., 2007). However, this assumption is increasingly chal- 

lenged in the upcoming era of circular economy where all waste 

should be designed for reuse and recycling (Ilic et al., 2018). 

Sludge thickening and dewatering were also excluded from the 

system boundaries because of having the same impact on the 

two scenarios compared. 
 

 
 

Figure 1. System boundaries of the current situation, i.e. 

baseline scenario, and of the proposed sludge utilization 
method, i.e. alternative scenario. 

 

2.4. Scenarios Studied 

The baseline scenario, S0-INC, includes the impact from 

incineration of primary sludge. Sludge incineration was mod- 

elled using the unit process for wood incineration. A unit pro- 

cess is the smallest element used in life cycle inventory for 

which input and output data are quantified (SFS-EN ISO 140- 

40, 2006). When primary sludge is incinerated, it provides en- 

ergy for sustaining the combustion of secondary sludge. There- 

fore, when primary sludge is diverted from incineration, sup- 

plementary fuel is to be supplied. In this study, it was modelled 

that extraction and incineration of peat with the same energy 

content as in the sludge is avoided through the system expan- 

sion approach with a substitution ratio of 1:1 on an embodied 

energy basis. The exact values and the unit processes used are 

presented in Section 2.6. 

The alternative scenario, S1-COM, includes the impact 

from the production of composites. The impact includes the 

production of HDPE, maleic anhydride-grafted polyethylene 

(MAPE), lubricants, and electricity. The production process is 

described in Section 2.5. When composites are produced, they 

can replace materials on the market with equivalent properties. 

In this study, the substituted material was HDPE plastic. The 

substitution ratio was 1:1 on a mass basis. The assumption was 

studied in the sensitivity analysis. The exact values and the unit 

processes used are presented in Section 2.6. 

 

2.5. Composites Production 

The production of composites was modelled following the 

recipe exposed in the study by Mustonen et al. (2019). More 

specifically, the composites comprised of HDPE –50%, dewa- 
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tered primary sludge –44%, maleic anhydride-grafted poly- 

ethylene (MAPE) –3.0%, and lubricant –3.0%. No waste is 

generated during the production of composites owning to the 

fact that the process is suitable for waste materials as such. 

The inventory data in the production process of compos- 

ites was modelled after the study by Liikanen et al. (2019). 

Namely, raw materials were first mixed in the agglomeration 

process. No prior grinding or size reduction was required for 

any of the raw materials. Then, the materials were extruded in 

a conical counter-rotating twin-screw extrusion machine. Fi- 

nally, the extruded material was cut into decks of specific length. 

The production process, as well as the raw materials and energy 

demand are shown in Figure 2. 

 

 
 

Figure 2. Mass balance and production process of sludge-

polymer composites. 

 

2.6. Life Cycle Inventory 

2.6.1. Baseline Scenario 

The process of primary sludge incineration was modelled 

using the process “EU-28: Wood (natural) in municipal waste 

incineration plant ts <p-agg>” (Sphera, 2017a) with the refer- 

ence flow of 0.19 kg which represents the dry mass of primary 

sludge. Primary sludge supplies 2.8 MJ of energy to the process 

which was calculated on the mass of dry sludge of 0.19 kg and 

its heating value of 15 MJ/kg on dry basis. To model avoided 

peat excavation and incineration, the process “FI: Electricity 

from peat ts” (Sphera, 2014a) was used with the reference value 

of 1.2 MJ of electricity which represents incineration of peat 

with the energy content of 2.8 MJ. 

 

2.6.2. Alternative Scenario 

The processes used for the production of 1 kg of composite 

and their amounts were: “RER: Polyethylene high density gra- 

nulate (PE-HD) ELCD/PlasticsEurope <p-agg>” (Sphera, 1999) 

–0.5 kg, “EU-28: Lubricants at refinery ts” (Sphera, 2014b) 

0.03 kg, MAPE –0.03 kg and modelled after Liikanen et al. 

(2019), and “FI: Electricity grid mix ts” (Sphera, 2014c) –0.9 

kWh. Substituted plastic was “RER: Polyethylene high density 

granulate (PE-HD) ELCD/PlasticsEurope <p-agg>” (Sphera, 

1999) –1.0 kg. Its extrusion was modelled using the process 

“GLO: Plastic extrusion profile (unspecific) ts <u-so>” (Sphera, 

2017b) and supplying required intermediate flows in the pro- 

cess, such as compressed air, thermal energy from natural gas, 

electricity, and lubricants. 

 

2.7. Life Cycle Impact Assessment 

The environmental impact was modelled using the product 

environmental footprint method implemented in software “Ga- 

Bi ts” as “EF2.0 (Environmental Footprint 2.0)” (Sphera, 2020). 

The method covers 16 areas of environmental concern and also 

distinguishes between biogenic, fossil, land-use change induced 

impacts on climate change. For simplicity, only the impacts on 

climate change and consumption of abiotic energy carriers were 

reported in the study. 

3. Results 

The results of the LCA study showed lower impact on cli- 

mate change achieved in the alternative scenario S1-COM 

(Figure 3 and Figure 4). In scenario S1-COM, the direct emis- 

sions from composites production were 1.3 kg CO2-eq., while 

the avoided impact from plastic substitution was –2.5 kg CO2-

eq., thus cumulatively resulting in the avoided impact of –1.2 

kg CO2-eq. Despite the direct emissions from incineration of 

primary sludge in the baseline scenario S0-INC of 0.01 kg CO2-

eq. were significantly lower than from the production of com- 

posites, the avoided impact from peat substitution of –0.4 kg 

CO2-eq. was significantly lower than the avoided impact from 

plastic substitution. An identical situation is seen in the con- 

sumption of fossil energy carriers. 

4. Discussion 

4.1. Substituted Supplementary Fuel 

Peat was chosen as a supplementary fuel to be combusted 

if sewage sludge were used in the composites production. How- 

ever, other fuels could also be used. Since we look into the em- 

bodied energy, not much difference is expected between the 

fossil fuels, such as peat, coal, or natural gas. This is because 

less fuel would be needed to provide the same energy with 

higher energy content. However, if biobased fuels such has bio- 

mass are used as supplementary fuels, then the avoided impact 

on the baseline scenario approaches zero meaning almost no 
avoided impact. 

 

4.2. Plastic Substitution Rate 

In the default situation, a 1:1 plastic substitution rate on a 

mass basis was considered. However lower substitution rates 

could happen due to better physical properties of products made 

of virgin plastic. It would mean in turn that less plastic would 

be used. To reflect it, a breakthrough curve was created to find 

the minimum substitution ratio of plastic (Figure 5). The results 

indicated that per 1.0 kg of composite material produced, at 

least 0.7 kg of plastic made of virgin polymers should be dis- 
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placed on the market. Otherwise, the baseline scenario starts to 

become a better sludge management option. 
 

 
 

Figure 3. Impact on climate change from two studied 

scenarios. 
 

 
 

Figure 4. Consumption of fossil energy carries in the scenarios 

studied. 

 

4.3. Plastic Origin 

Virgin plastic was modelled in the production of com-

posites in this study. However, recycled plastic can also be used 

(Liikanen et al., 2019). Unlike virgin plastic, plastic waste car- 

ries no burden with it if using the so-called “zero-burden” ap- 

proach (Ekvall et al., 2007). The only impact associated with 

the plastic waste use is the impact from its crushing before the 

process. Figure 6 illustrates how the impact of using plastic 

waste significantly reduces the impact from the alternative sce- 

nario in comparison to the situation using virgin plastic. When 

plastic waste is used, the breakeven substitution ratio of 1:0.3 

should be achieved for the alternative scenario to be more 

favorable than the current baseline. 

 

4.4. Impact of Properties 

The physical and other properties of composites can cer- 

tainly differ from those of other materials which could poten- 

tially be replaced with the composites, such as herein studied 

plastic. However, accounting for the flexibility in the produc- 

tion of composites and their recipes, it could be expected that 

properties would be tailored based on specific application. Fur- 

thermore, the production process of composites could be ad- 

justed so that smaller mass of material would be needed, if hol- 

low products would be manufactured or products otherwise fit- 

ting into a specific application. 
 

 
 

Figure 5. Impact of the plastic substitution ratio on the results. 

 

 
 

Figure 6. Impact of substitution of virgin plastic used in the 

composites production (S1-COM) with plastic waste (S1-
COM-REC. PL.).  

 

4.5. Impact of End-of-Life 

Additional data, such as that on the end-of-life of compos- 

ites and substituted virgin plastic could further support the deci- 

sion-making. Expectedly, the inclusion of incineration of com- 

posites and plastic products would further support the scenario 

of sludge use in composites since it would lead to a higher 

avoided impact from plastic incineration, while composites are 

44% made of wood fibers. 

5. Conclusions 

LCA is a laborious and data-intensive method for the as-

sessment of environmental impacts. Firstly, due to the need to 

gather a substantial amount of information on the inputs and 
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outputs from the studied system. Secondly, due to the holistic 

approach considering the impacts across the entire life cycle, 

which however, could partly be limited. 

On the other hand, LCAs can be built upon a substantial 

amount of data gathered in literature and databases to help deci- 

sion-making at various levels, including those related to busi- 

ness operations. In this study, it was illustrated with the ex- 

ample of the utilization of primary sludge in composites. By 

looking into previously conducted research by the authors, the 

study identified that the use of primary sludge in composites 

production is a better option for mitigating climate change. Yet, 

the results are valid only if plastic is substituted at a high ratio. 
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