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Abstract 10 

The most sustainable method for treating sewage sludge depends strongly on the situation and local 11 

circumstances. In sparsely populated northerly areas are demanding boundary conditions, e.g. cold 12 

and long winter, long transport distances and low amounts of generated sludge. In this study, 13 

commonly used calculators and emissions coefficients for calculating the greenhouse gas (GHG) 14 

emissions from sewage sludge treatment methods were assessed to create a calculator suitable for 15 

the Northern Finland context. The calculator was then used to determine which sewage sludge 16 

treatment method (composting, anaerobic digestion (AD), incineration (with and without thermal 17 

drying)) resulted in the lowest emissions of the GHG gases in different situations in Northern 18 

Finland. GHG gases included carbon dioxide (CO2; including biobased), methane (CH4) and nitrous 19 

oxide (N2O), measured as carbon dioxide equivalents (CO2eq). According to the calculator, AD 20 

generated the least CO2eq emissions of all treatment methods studied. The second best option was 21 

incineration of sludge without thermal drying, while the third best was composting or incineration 22 

of sludge after thermal drying with e.g. fossil or other fuels. Most of the emissions were generated 23 

from the treatment process itself and the share of emissions generated during transport was 24 

minimal, despite the long transport distances when all CO2 emissions (incl. biobased) were 25 

considered. The role of users of the end-products and the possibility to use the CO2 generated were 26 

highly important when considering environmental perspective. These results can be utilized when 27 

selecting the locally most suitable method. In future, some of the treatment methods (i.e. AD, 28 

incineration) with CO2 capture could be considered carbon sinks, as they also remove biobased CO2 29 

emissions. 30 

 31 
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1. Introduction 35 

Currently, the main environmental threat from biodegradable waste (including sludge) is the 36 

generation of methane (EC, 2016). The European Union (EU) Landfill Directive (1999/31/EC) 37 

obliged member states to reduce the amount of biodegradable municipal waste that they landfill to 38 

35% of the 1995 level by 2016 to reduce this problem. These waste targets aim to drive a transition 39 

from a linear to a circular economy where so-called waste can be turned into a resource (EC, 2014). 40 

Sewage sludge, like all biodegradable waste, should be seen as a resource for energy and material 41 

production (e.g. Thomsen et al., 2017), which would support the idea of a circular economy. 42 

However, there are challenges when considering sewage sludge as a product. It is demanding to 43 

define when sludge is waste and when product, and which environmental burdens to allocate to 44 

sludge in different cases (see review by Pradel et al., 2016). This is creating challenges when 45 

pondering how to treat sludge and how to utilise end-products (e.g. fertilizer, biogas) in future. 46 

 47 

The amount of greenhouse gas (GHG) emissions should be one important evaluation aspect due to 48 

the climate change when selecting the best and most sustainable sewage sludge treatment 49 

technology (UN, 2000). Sewage sludge is treated different ways, e.g. by composting, anaerobic 50 

digestion (AD), incineration (mono- and co-incineration), hydrothermal processing or lime 51 

stabilisation (Suh and Rousseaux, 2002; Europa, 2017). In Europe, there are four main sewage 52 

sludge treatment systems; use as a fertiliser in agricultural land, composting, incineration and 53 

landfilling. The Finnish government regulation on landfills (331/2013) includes a ban on landfilling 54 

of biodegradable wastes since 2016 (Ministry of the Environment, 2016).  For instance, in 2012, 55 

Portugal, Ireland, the United Kingdom, Luxembourg and Spain used more than 75% of the sludge 56 

generated as fertiliser for agricultural land, while 66-86% of sludge was composted in Lithuania, 57 

Finland and Estonia. The Netherlands, Belgium, Germany, Slovenia, Austria and Switzerland used 58 

incineration as their most important type of treatment in that year, while Malta, Romania, Italy and 59 

Bosnia-Herzegovina mainly landfilled their sludge (Europa, 2017).  60 

 61 

It is estimated, that about one million tons of sludge (1 million m3) is generated annually in Finland 62 

(Laitinen et al., 2014). The most commonly used method for treating sludge is currently composting 63 

(in Northern Finland windrow composting is particularly common), but the share of anaerobically 64 

digested sludge is increasing fast. Both composting and AD need pre and post treatment, possibly 65 

maturing in the windrow. Only a very small fraction of sludge is incinerated in co-incineration 66 

plants. Incineration plants with permission to incinerate sludge are located only in Central (Vapo 67 

Oy, 2013) or Southern Finland (Ekokem Oy Ab, 2010). All sludge treatment methods have 68 
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advantages and disadvantages (Table 1). Selection of the most suitable method must be based on 69 

e.g. both environmental and economic considerations. The challenges in treating biodegradable 70 

waste are different in sparsely populated areas of Northern Finland than in densely populated areas 71 

in the south, as there are long transport distances (Lehtoranta et al., 2014), small amounts of 72 

generated waste, lack of proper recipient facilities (e.g. incineration or AD plants), high 73 

establishment costs of a new, well-functioning network and a severe climate, especially during 74 

winter (Piippo and Pongrácz, 2016). Decentralised sludge management systems face additional 75 

challenges, e.g. possible lack of reliable and continuous supply of feedstock (Righi et al., 2013). 76 

 77 

Table 1. Advantages and disadvantages of the different sewage sludge treatment methods. 78 

Treatment Advantages Disadvantages 

Composting 

(Pöyry Environment 

Oy, 2007; Garrido-

Baserba et al., 2015 

Cheap 

Easy to establish and manage 

Short transport distances 

Production of compost, avoided use 

of mineral fertilisers 

Usually local solution providing jobs 

Usually no need for large-scale 

facilities 

Odour 

Direct emissions, no 

possibilities to use the gases 

produced  

Possible harmful substances in 

compost 

Prone to freezing 

Anaerobic digestion 

(Pöyry Environment 

Oy, 2007; Garrido-

Baserba et al. 2015; 

Mannina et al., 2016; 

Piippo and Pongrácz, 

2016, Thomsen et al. 

2017) 

Production of energy, avoided use of 

e.g. fossil fuels 

Production of digestate, avoided use 

of mineral fertilisers 

Less odours 

Rather long transportation 

distances 

Possible harmful substances in 

digestate 

Very cold winter may cause 

challenges 

Incineration 

(Pöyry Environment 

Oy, 2007; Garrido-

Baserba et al. 2015; 

Thomsen et al., 2017) 

Production of energy, avoided use of 

e.g. fossil fuels 

No odours 

Not available in the far north 

No use of ash as fertiliser 

Long transport distances 

Emissions 

 79 

In addition to the emissions from transport, uncontrolled anaerobic degradation of biodegradable 80 

material (e.g. sewage sludge) leads to considerable losses of carbon dioxide (CO2) and methane 81 

(CH4) (Salomoni et al., 2011). One option to reduce these GHG emissions to the atmosphere is 82 

carbon capture and storage (CCS), in which the aim is to capture CO2 emissions e.g. from power 83 

generation and industry and store it permanently (Volkart et al., 2013). CCS has three steps: CO2 84 
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capture (i.e. post-combustion, pre-combustion or oxy-fuel capture systems), CO2 transportation and 85 

CO2 storage (e.g. in deep reservoirs in geological structures) (Pires et al., 2011). In addition to CCS 86 

for the combustion process, controlled AD can be a way to transform biodegradable waste into 87 

biogas with almost complete CH4 and CO2 recovery and without losses to the atmosphere 88 

(Salomoni et al., 2011). 89 

 90 

In a life cycle assessment (LCA) study of sludge treatment in France, Suh and Rousseaux (2002) 91 

found that a combination of AD and land application of the end-product caused the least emissions 92 

during operation. When considering only the economic point of view, a large-scale incineration 93 

plant (Piao et al., 2016) or AD plant (e.g. Garrido-Baserba et al., 2015) could be the most efficient 94 

way to treat sludge. However, when there are no such existing facilities nearby, costs and emissions 95 

from transport can be high (Righi et al., 2013). For instance, according to Pöyry Environment Oy 96 

(2007), the profitable transport distance for sludge from wastewater treatment plant (WWTP) to AD 97 

plant is about 150-250 km. In northernmost Finland, transport distances to some treatment facilities 98 

can easily be much longer.  99 

 100 

Even though it is possible to find existing GHG calculators (e.g. Laitinen and Manninen, 2016) and 101 

life cycle assessment studies (e.g. Suh and Rousseaux 2002), some wastewater treatment plants and 102 

environmental authorities in the northern Finland considered that it is important to find or create 103 

new calculator which is as suitable as possible especially for northern conditions. That basic 104 

calculation tool should make it possible to compare GHG emissions from composting, AD and 105 

incineration since that kind of tool was missing. This information of emissions is needed e.g. to help 106 

environmental permit processes in future. 107 

 108 

To gain needed information, the first aim of the study was to create a calculator suitable for 109 

determining the GHG emissions from different sewage sludge treatment methods under the 110 

conditions in Northern Finland. The second aim was to determine which sludge treatment methods 111 

(composting, anaerobic digestion, incineration with or without thermal drying) generated the lowest 112 

emissions of the GHG CO2 (including biobased), CH4 and nitrous oxide (N2O), expressed as CO2 113 

equivalents (CO2eq) in different conditions typical for Northern Finland. As a novel point of view, 114 

biobased CO2 emissions (synonym biogenic; generated from the treatment of biomass) were 115 

included in the analysis to identify whether their contribution to total emissions is significant, e.g. 116 

for capture and utilisation purposes in future. Six existing wastewater treatment plants (WWTP) 117 

located in different areas of Northern Finland were used as the study objects. The distance from the 118 
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WWTP to the sludge treatment facility and the amounts of sludge generated varied greatly in the 119 

different cases. The starting hypothesis was that in addition to emissions from the main treatment 120 

processes, emissions from transport can be considerable due to the very long distances. The 121 

emissions were calculated using a developed calculation tool that took into account the high-latitude 122 

conditions as much as possible.  123 

 124 

2. Material and methods 125 

This study was supported as part of the project “Innovations for CO2 and bioeconomy - greenhouse 126 

gases from sludge treatments and novel C1 products”. Funder and stakeholders (mentioned in 127 

acknowledgements) were willing to have these three treatment methods and six WWTPs to be part 128 

of the study.  129 

2.1.Sludge treatment methods 130 

The sludge treatment alternatives studied were: windrow composting; anaerobic digestion; thermal 131 

drying and incineration; and incineration without thermal drying. The evaluation did not consider 132 

the wastewater treatment itself or the drying of sludge inside the WWTP, but took into account the 133 

GHG emissions in the different phases of the sludge management chain (Figure 1). Separate 134 

emission coefficients with detailed data and needed values can be found in appendix (Excel sheet) 135 

as they are here presented in reference groups. These were: transportation from the WWTP to the 136 

sewage sludge treatment facility (LIPASTO, 2012a; Statistics Finland 2016a-c); the sludge 137 

treatment process itself (IPCC 2006a-b; Boldrin and Christensen 2010; RTI International, 2010; 138 

Manninen and Laitinen 2015; 2016; Manninen et al., 2016; Svenskt Vatten, 2016), including 139 

working machinery (LIPASTO, 2012b); transportation of the treated sludge to the utilisation site 140 

(LIPASTO, 2012a; Mannina et. al. 2016; Statistics Finland 2016a-c); and emissions from utilisation 141 

of the treated sludge (Johnke, 2002; Bruun et al., 2006; IPCC, 2006a-c; Boldrin et al., 2010; Karhu 142 

et al., 2012). End-products are e.g. compost or digestate to be used as soil or fertilizer. Also biogas 143 

is one of the end-products to be used as energy. The analysis also considered whether it was 144 

possible to replace some other material (e.g. mineral fertiliser or peat in landscaping) with the 145 

treated sludge end-product and thus reduce the amount of emissions from manufacturing of that 146 

material (so-called avoided emissions) (Bruun et al., 2006; Boldrin et al., 2010; Karhu et al., 2012; 147 

LIPASTO 2009; Manninen and Laitinen, 2015; Yoshida et al. 2015; Oulun Energia Oy, 2017a). 148 

Detailed list of used information and references is also in Postila et al. (2016). 149 

 150 
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 151 

Figure 1. Focus areas and assumptions made in the study 152 

 153 

2.2.Study location and sites 154 

Finland is the most sparsely populated country in the EU, with less than 18 inhabitants per square 155 

km, while Northern Finland has less than 2 inhabitants per square km (This is Finland, 2014). The 156 

surface area of Lapland is over 25% of the total surface area of Finland (land area 338,424 km²), but 157 

it has only 3.4% of the population (ELY center for Lapland, 2011). Municipalities are small and far 158 

apart and the main road infrastructure may be scarce. There are also great contrasts in climate, since 159 

there are cold winters and fairly warm summers. In Northern Finland, the length of the thermal 160 

winter (average daily temperature <0°C) is 5-7 months (Finnish Meteorological Institute, 2016). 161 

Finnish circumstances are unique so they need to be taken into account when selecting the most 162 

suitable treatment method, especially in north. The calculations in this study were based on 163 

conditions at six WWTP of different sizes in Northern Finland: two in Northern Ostrobothnia, two 164 

in Kainuu and two in Lapland. These WWTP are in the municipalities of Kempele (Lakeuden 165 

Keskuspuhdistamo Oy), Oulu (Oulun Vesi, Taskila), Kajaani (Peuraniemi), Sotkamo (Mustola), 166 

Inari (Ivalo, Mellanaapa) and Kittilä (Levi) (Figure 2). Basic information gathered from the plants 167 

(Table 2) showed great variation, from the very small WWTP in rural Inari (population equivalent 168 

(PE) varying from 5,000 up to 15,000 and annual amount of sludge generated 568 t in 2015) to the 169 

city of Oulu (PE of 174,200 and annual amount of sludge 37,753 t in 2015). The prevalent or 170 

planned treatment methods also vary, from composting to AD, but none of the six plants is 171 

incinerating its sludge at the moment. The sludge composting area is usually located near the 172 
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WWTP, but the sludge needs to be transported for treatment in an AD plant. At the moment, sludge 173 

generated in Oulu is treated with Kemicond (wet-oxidative conditioning process which kills germs 174 

and disinfects sludge), but the treatment method is possibly going to change to something else in a 175 

few years. 176 

 177 

Sludge treatment facilities used in the calculations were windrow composting areas in Oulu, 178 

Kempele, Kajaani, Inari and Kittilä; AD plants in Oulu (for WWTPs in Oulu, Kempele, Kajaani and 179 

Sotkamo) and Rovaniemi (for WWTPs in Inari and Kittilä); incinerator plants for mechanically 180 

dried sludge in Riihimäki and Oulu; and a thermal drying plant and incinerator plant for thermally 181 

dried sludge in Haapavesi. All the selected composting areas except that in Kajaani (which is now 182 

closed) are currently operating. The AD plant in Oulu is operating and treating sludge, but the AD 183 

plant in Rovaniemi is only in the planning phase. The incinerator plant in Oulu does not have 184 

permission to incinerate sludge at the moment. The other incineration plants (7 in fig. 2; (Ekokem 185 

Oy Ab, 2010) and 8 in fig. 2; (Vapo Oy, 2013)) have permission to incinerate sewage sludge but 186 

they are not allowed to incinerate large amounts of it (only about 2-10% of their input material). 187 

Plants that are currently not treating sewage sludge were selected for study due to their location and 188 

possible future treatment opportunities. In Oulu (capacity of 150,000 t; Oulun Energia Oy, 2017b) 189 

and Riihimäki (capacity of 120,000 t; Fortum, 2017), plants are purely waste incineration plants 190 

whereas in Haapavesi (capacity about 50,000 t; Vapo Oy, 2013) is co-incineration plant (major 191 

fuels peat and wood). More information about the plants can be found in the appendix. 192 

 193 

 194 
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 195 

Figure 2. Map showing the location of the wastewater treatment plants studied: 1 = Kempele, 2 = 196 

Kajaani, 3 = Sotkamo, 4 = Inari, 5 = Kittilä and 6 = Oulu. One biogas plant and one incineration 197 

plant are located at point 6, but it is not allowed to incinerate sewage sludge at the moment. At 198 

points 7 (Riihimäki) and 8 (Haapavesi) there are other incineration plants with permission to 199 

incinerate part of the sludge. At point 9 (Rovaniemi) there is no existing biogas plant yet, but there 200 

are plans for biogas plant construction. 201 

 202 

 203 
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Table 2. Basic information on the six wastewater treatment plants (WWTP) and sewage sludge 204 

amounts, properties and transport distances. 205 

 206 

1WWTP = Wastewater treatment plant 207 
2PE = Population equivalent 208 
3TS = Total solids 209 
4Sewage information collected from site-specific information (e.g. from sludge laboratory analysis) 210 
5Ministry of the Environment, 2013 211 
6Sotkamo sewage sludge information without peat was used in anaerobic digestion (AD) and 212 

incineration calculations and the other information (with peat) in composting calculations. 213 
7Outside of high season 214 
8During high season (water from the tourist centre arriving at the WWTP) 215 

WWTP1  PE2 Total 

amount of 

dewatered 

sludge (t/a) 

TS3 of  

dewatered 

sludge 

(%)4 

Total 

amount 

of TS3 

(t)4 

kg N/t 

sludge 

as TS3,4 

kg P/t 

sludge 

as TS3,4 

Transport distances from WWTP 

(km) 

Compos-

ting area 

AD 

plant 

Incineration 

(to Haapavesi, 

Riihimäki or 

Oulu) 

Oulu 

 

 

 

174,2005 

 

 

 

37,753 

 

 

 

21.6 

 

 

 

8,149 

 

 

 

34.3 

 

 

 

19.5 

 

 

 

15 

 

 

 

7 

 

 

 

129 

574 

7 

 

Kempele 

(without 

peat) 

41,3005 6,000 22.1 1,327 45.4 26.9 1.4 22 114 

559 

17 

Kajaani 28,9005 6,500 20.4 1,326 30.3 23.0 0.6 

(finished) 

178 129 

510 

187 

Sotkamo 

(without 

peat)6 

11,7005 1,729 18.8 325 34.0 19.0 - 198 165 

542 

194 

Sotkamo
6 

11,7005 2,337 28.2 659 

 

34.0 19.0 40 

(finished) 

- - 

Inari 15,0005/ 

5,0004,7 

568 30.0 170 13.8 14.6 Next to it 300 636 

1,080 

513 

Kittilä 39,0004,8/

21,3005 

2,231 14.0 335 39.2 19.2 Next to it 180 515 

959 

392 
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2.3.Creation of the calculator 216 

To identify the most sustainable treatment methods for sewage sludge in terms of GHG emissions, a 217 

calculator that is suitable for conditions in Northern Finland was created. First, information and 218 

equations from models (calculators), project reports, environmental impact assessment (EIA) 219 

reports, environmental permits, articles and other possible sources were collated. The existing 220 

calculators evaluated were Nordic, e.g. the Finnish prediction model Kasvener (Finnish 221 

Environment Institute and The Association of Finnish Local and Regional Authorities), the Finnish 222 

calculator created at Finnish Environment Institute (Manninen and Laitinen 2015; 2016) and the 223 

Swedish Klimatpåverkan – beräkningsverktyg: Tool for calculating the carbon footprint for 224 

wastewater treatment plants (Svenskt Vatten, 2016). All of these calculators provide valuable 225 

information about calculations, values and methods, but none is directly suitable and/or used as 226 

such for studies and calculations for Northern Finland. The most suitable emissions coefficients and 227 

calculation methods for this study were therefore evaluated by collecting the existing data and 228 

information on local conditions in the selected WWTP and GHG emissions from the different 229 

phases. If it was not possible to find unambiguous information, a careful estimate was made based 230 

on the literature and databanks by taking the most reliable values depending on the source of 231 

information (e.g. scientific articles, reports from IPCC and research institutes). The emissions 232 

coefficients were taken from reliable and commonly used databanks, e.g. IPCC (2006b-c). Using 233 

the global warming potential (GWP) values for methane (28) and nitrogen oxide (265), their 234 

emissions were converted into CO2eq. The GWP of CO2 is 1 (Greenhouse Gas Protocol, 2016). 235 

Only the most important greenhouse gases (CO2, CH4 and N2O) were assessed. Biobased CO2 236 

emissions) were included in the analysis. 237 

 238 

There was a need for some assumptions. As in many cases, there were no exact values relating e.g. 239 

to emissions from sludge treatment, so values from bio-waste treatment had to be used. Moreover, 240 

few studies (IPCC, 2006c; RTI International 2010) report emission coefficients for composting and 241 

the range is very wide, so the average had to be used. In addition, there have been few studies of 242 

sludge treatment in the far north and, as expected, no specific emission coefficients for the 243 

conditions in Northern Finland were found.  244 

 245 

For the evaluation, information about the location of composting areas, AD and incineration plants 246 

in the study area (or as near as possible) was collected. Data from all the six WWTP concerning e.g. 247 

sludge amounts, composition, treatment and supporting material were obtained from contact 248 

individuals at the plants or from responses in questionnaire surveys, telephone interviews and joint 249 
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meetings. The Microsoft-Excel-based calculator developed (Postila et al., 2016) can itself be 250 

modified freely, so whenever emission coefficients change the figures can be changed accordingly. 251 

By using the calculator, it was possible to calculate the emissions from composting, AD (where the 252 

generated biogas can be used as transport fuel or in a combined heat and power (CHP) plant) and 253 

incineration with and without thermal drying of sludge. These selection provides seven different 254 

treatment comparisons (composting; AD with two different utilization possibilities of biogas (CHP 255 

100%; or CHP 50% and traffic fuel 50%) and incineration of sludge with thermal drying (two fuel 256 

sources: oil or steam with electricity; and incineration in Haapavesi) and with thermal drying 257 

(incineration in Oulu or Riihimäki). The results of the calculations were expressed as generated 258 

emissions, avoided emissions and net emissions. Generated emissions were also calculated in 259 

situations where CO2 emissions from the composting, AD or incineration process were not taken 260 

into account, since they are biobased and their GHG potential is usually assumed to be zero in many 261 

calculators (Johnke, 2002; IPCC, 2006c; Manninen and Laitinen, 2015, but see Searchinger et al. 262 

2009).  263 

 264 

3. Results and discussion 265 

   3.1. Comparison of generated, avoided and net CO2eq emissions from the six plants 266 

The largest WWTP in Oulu, generated the largest amounts of CO2eq emissions (Table 3 and 4). 267 

Table 3 shows the order of treatment methods measured as t CO2eq of generated emissions for the 268 

six plants. Examples of results for the WWTP in Kajaani are shown in Figure 3 and for all six 269 

WWTPs in Table 3. Table 4 has not all the seven treatment methods, but examples how the 270 

utilization of end-products affect on net emissions via avoided emission. However, as these avoided 271 

emissions are not realized at the moment, the generated emissions in Table 3 are representing the 272 

existing situation better. In addition to the size of the WWTP, other factors affected the net amount 273 

of emissions, e.g. distance from the plant to the treatment facilities, moisture content of the 274 

dewatered sludge and the share and content of supporting materials used.  275 

 276 

Table 3. Order of treatment methods generated emissions as total t CO2eq and t CO2eq / t of sludge 277 
in the studied wastewater treatment plants. (1= the best with the least emissions, 7 = the worst with 278 
the largest emissions) 279 
 280 

 Oulu Kempele Kajaani Sotkamo Inari Kittilä 

1 AD, use of biogas 

(50%  

as vehicle fuel, 

50% electricity 

and heat)  

AD, use of 

biogas (50% as 

vehicle fuel, 

50% electricity 

and heat) 

AD, use of 

biogas (50% as 

vehicle fuel, 

50% electricity 

and heat) 

AD, use of 

biogas (50% as 

vehicle fuel, 

50% electricity 

and heat) 

AD, use of 

biogas (50% as 

vehicle fuel, 

50% electricity 

and heat) 

AD, use of 

biogas (50% as 

vehicle fuel, 

50% electricity 

and heat) 
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t CO2eq: 5,233 

t CO2eq/t  

sludge: 0.14 

 

 

t CO2eq: 878 

t CO2eq/t 

sludge: 0.15 

 

 

t CO2eq: 848 

t CO2eq/t 

sludge: 0.13 

 

 

t CO2eq: 220 

t CO2eq/t 

sludge: 0.13 

 

 

t CO2eq: 100 

t CO2eq/t 

sludge: 0.18 

 

 

t CO2eq: 270 

t CO2eq/t 

sludge: 0.12 

 

2 AD, use of biogas 

in CHP (100 % 

heat and 

electricity) 

 

t CO2eq: 5,765 

t CO2eq/t  

sludge: 0.15 

 

AD, use of 

biogas in CHP 

(100 % heat and 

electricity) 

 

t CO2eq: 969 

t CO2eq/t 

sludge: 0.16 

 

AD, use of 

biogas in CHP 

(100 % heat and 

electricity) 

 

t CO2eq: 920 

t CO2eq/t 

sludge: 0.14 

 

AD, use of 

biogas in CHP 

(100 % heat and 

electricity) 

 

t CO2eq: 238 

t CO2eq/t 

sludge: 0.14 

AD, use of 

biogas in CHP 

(100 % heat and 

electricity) 

 

t CO2eq: 110 

t CO2eq/t 

sludge: 0.19 

AD, use of 

biogas in CHP 

(100 % heat and 

electricity) 

 

t CO2eq: 291 

t CO2eq/t 

sludge: 0.13 

 

3 Incineration with  

mechanical drying 

in Oulu 

 

 

 

 

t CO2eq: 14,485 

t CO2eq/t  

sludge: 0.38 

  

Incineration 

with mechanical 

drying in Oulu 

 

 

 

 

t CO2eq: 2,307 

t CO2eq/t 

sludge: 0.38 

  

Incineration 

with mechanical 

drying in Oulu 

 

 

 

 

t CO2eq: 2,571 

t CO2eq/t 

sludge: 0.40 

  

Incineration 

with thermal 

drying (using 

electricity and 

steam) 

(Haapavesi) 

 

t CO2eq: 646 

t CO2eq/t 

sludge: 0.37 

 

Incineration 

with mechanical 

drying in Oulu 

 

 

 

 

t CO2eq: 237 

t CO2eq/t 

sludge: 0.42 

  

Composting 

with soil 

manufacturing 

 

 

 

 

t CO2eq: 627 

t CO2eq/t 

sludge: 0.28 

 

4 Incineration with  

mechanical drying 

in Riihimäki 

 

 

 

 

t CO2eq: 15,863 

t CO2eq/t  

sludge: 0.42 

 

Incineration 

with mechanical 

drying in 

Riihimäki 

 

 

 

t CO2eq: 2,552 

t CO2eq/t 

sludge: 0.43 

 

Incineration 

with thermal 

drying (using 

electricity and 

steam) 

(Haapavesi) 

 

t CO2eq: 2,615 

t CO2eq/t 

sludge: 0.40 

 

Incineration 

with mechanical 

drying in Oulu 

 

 

 

 

t CO2eq: 684 

t CO2eq/t 

sludge: 0.40 

 

Incineration 

with mechanical 

drying in 

Riihimäki 

 

 

 

t CO2eq: 260 

t CO2eq/t 

sludge: 0.46 

 

Incineration 

with thermal 

drying (using 

electricity and 

steam) 

(Haapavesi) 

 

t CO2eq: 677 

t CO2eq/t 

sludge: 0.30 

 

5 Incineration with 

thermal drying 

(using electricity 

and steam) 

(Haapavesi) 

 

 

t CO2eq: 16,037 

t CO2eq/t  

sludge: 0.43 

Incineration 

with thermal 

drying (using 

electricity and 

steam) 

(Haapavesi) 

 

t CO2eq: 2,607 

t CO2eq/t 

sludge: 0.43 

Incineration 

with mechanical 

drying in 

Riihimäki 

 

 

 

t CO2eq: 2,626 

t CO2eq/t 

sludge: 0.40 

 

Incineration 

with mechanical 

drying in 

Riihimäki 

 

 

 

t CO2eq: 735 

t CO2eq/t 

sludge: 0.43 

 

Incineration 

with thermal 

drying (using 

electricity and 

steam) 

(Haapavesi) 

 

t CO2eq: 353 

t CO2eq/t 

sludge: 0.62 

 

Incineration 

with mechanical 

drying in Oulu 

 

 

 

 

t CO2eq: 912 

t CO2eq/t 

sludge: 0.41 

  

6 Composting with 

soil 

manufacturing 

 

 

 

t CO2eq: 19,048 

t CO2eq/t  

sludge: 0.50 

 

Composting 

with soil 

manufacturing 

 

 

 

t CO2eq; 3,255 

t CO2eq/t 

sludge: 0.54 

 

Composting 

with soil 

manufacturing 

 

 

 

t CO2eq: 3,654 

t CO2eq/t 

sludge: 0.56 

 

Incineration 

with thermal 

drying (using 

electricity and 

oil) (Haapavesi) 

 

t CO2eq: 954 

t CO2eq/t 

sludge: 0.55 

 

Incineration 

with thermal 

drying (using 

electricity and 

oil) (Haapavesi) 

 

t CO2eq: 448 

t CO2eq/t 

sludge: 0.79 

 

Incineration 

with mechanical 

drying in 

Riihimäki 

 

 

t CO2eq: 993 

t CO2eq/t 

sludge: 0.45 

 

7 Incineration with 

thermal drying 

Incineration 

with thermal 

drying (using 

Incineration 

with thermal 

drying (using 

Composting 

with soil 

manufacturing 

Composting 

with soil 

manufacturing 

Incineration 

with thermal 

drying (using 
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(using electricity 

and oil)  

(Haapavesi) 

 

t CO2eq: 22,608 

t CO2eq/t 

sludge: 0.60 

  

electricity and 

oil) (Haapavesi) 

 

t CO2eq: 3,650 

t CO2eq/t 

sludge: 0.61 

 

electricity and 

oil) (Haapavesi) 

 

t CO2eq: 3,728 

t CO2eq/t 

sludge: 0.57 

  

 

 

 

t CO2eq: 1,465 

t CO2eq/t 

sludge: 0.63 

 

 

 

 

t CO2eq: 469 

t CO2eq/t 

sludge: 0.83 

 

electricity and 

oil) (Haapavesi) 

 

t CO2eq: 1,080 

t CO2eq/t 

sludge: 0.48 

 

 281 

Table 4. Generated, avoided and net emissions as CO2eq. Generated without CO2 means that CO2 282 

emissions from the composting, anaerobic digestion or incineration process were not included 283 

because they are considered to be biobased, with no negative effects on the climate. 284 

    Oulu Kempele Kajaani Sotkamo Inari Kittilä 

Composting Generated 

with CO2 19,048 3,255 3,654 1,465 469 627 

Generated 

without CO2 11,438 1,910 2,140 840 255 412 

Avoided with 

CO2 2,355 373 405 125 37 169 

Net with CO2 16,693 2,882 3,249 1,340 432 458 

Anaerobic 

digestion 
Generated 

with CO2 5,765 969 920 238 110 291 

Generated 

without CO2 1,830 297 387 105 39 133 

Avoided with 

CO2 4,613 787 627 157 84 187 

Net with CO2 1,151 182 293 81 26 104 

Incineration 

without thermal 

drying 

(Riihimäki) 

Generated 

with CO2 15,863 2,552 2,626 735 260 993 

Generated 

without CO2 2,649 452 351 130 61 212 

Avoided with 

CO2 7,686 1,222 1,323 352 116 454 

Net with CO2 8,177 1,330 1,303 383 144 539 

Incineration with 

thermal drying by 

using electricity 

and steam 

(Haapavesi) 

Generated 

with CO2 16,073 2,607 2,615 646 353 677 

Generated 

without CO2 1,405 219 229 61 46 115 

Avoided with 

CO2 8,538 1,388 1,388 340 178 327 

Net with CO2 7,535 1,219 1,227 306 175 350 

 285 

 286 
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 287 

Figure 3. Generated, avoided and net greenhouse gas emissions (t CO2eq) in different sewage 288 

sludge treatment alternatives in Kajaani. Composting includes soil manufacturing. Anaerobic 289 

digestion (AD) was divided into two alternatives, where all biogas was utilised in CHP production 290 

or where 50% was utilised in CHP production and 50% in transport fuel production. Emissions 291 

from incineration without thermal drying were calculated in the theoretical situations where the 292 

sludge could be incinerated in Riihimäki or Oulu. The next two incineration calculations included 293 

thermal drying (TD): (1) drying with electricity and oil, and (2) drying with electricity and steam. 294 

 295 

When considering the different treatment methods, based on the calculations, the lowest generated 296 

emissions were obtained for AD of sludge, where the biogas generated was used both for processing 297 

traffic biogas and for CHP (Figure 3, Table 3) or for CHP purely. The second best option in terms 298 

of CO2eq emissions was incineration without thermal drying or when dried with steam except in 299 

Kittilä, where composting was the second best option due to high sludge moisture content, long 300 

transport distances and lack of soil manufacturing from the composted material. The highest 301 

generated emissions were from thermal drying of sludge with electricity and light fuel oil and 302 

incineration of thermally dried sludge or from windrow composting of sludge, depending on the 303 

sewage treatment plant (Table 3). Greenhouse gases can be avoided if e.g. biogas replaces fossil 304 

fuel and soil or digestate replaces fertiliser. Avoided emissions were lower than generated emissions 305 

in every case. Manninen and Laitinen (2015) found that only AD could generate more avoided 306 

emissions than generated emissions, and not other methods (incineration and composting), but they 307 
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studied emissions without biobased CO2 emissions. Also Suh and Rousseaux (2002) found in their 308 

LCA study of sludge treatment in France that a combination of AD and land application of the end-309 

product caused the lowest emissions during operation.  310 

 311 

3.2. Comparison of CO2eq emissions in different phases of the treatment chain 312 

Based on the results of all six WWTP (Figures 4a, 5a, 6a, 7a), it was found that most of the 313 

emissions were generated from the treatment process itself, while the share of emissions generated 314 

during transport was minimal despite the long transport distances. This outcome was the same 315 

regardless of the treatment method (composting, AD, incineration), the amount of sludge or the 316 

transport distance. The avoided emissions in the AD and incineration processes consisted mainly of 317 

avoided energy production in the CHP plant using fossil fuels, by using other sources (Figure 8). In 318 

the composting process, the avoided emissions mainly came from the possibility to replace peat in 319 

landscaping.  320 

 321 

3.3. Comparison of the results with and without biobased CO2 emissions 322 

Comparing the results with and without inclusion of biobased CO2 emissions in the composting, 323 

AD or incineration process itself, it was found that the effect of biobased emissions was 324 

considerable (Figures 4-7 and Table 3). When biobased emissions were included in the calculations, 325 

total CO2eq emissions were much higher, in some treatments several times higher, than when they 326 

were omitted. In composting total CO2eq emissions were 469-19,048 tons with and 255-11,438 tons 327 

without biobased; in AD 110-5,765 tons with and 39-1,830 tons without biobased; in incineration 328 

without thermal drying 260-15,863 tons with and 61-2,649 tons without biobased; and in 329 

incineration after thermal drying 353-16,073 tons with and 46-1,405 tons without biobased 330 

emissions. 331 

 332 

In situation where biobased emissions were omitted, avoided emissions were higher than generated 333 

emissions in every case except in composting. For the case without biobased emissions, the share 334 

(percentage) of emissions from e.g. transport was high compared with that when biobased 335 

emissions were included (e.g. ca. 39% versus 14% in AD in Inari, Figure 5; and ca. 64% versus ca. 336 

11% in Kittilä in incineration after thermal drying, Figure 7). Also the share of emissions from the 337 

use of electricity is high in Figure 7. In studies of Lehtoranta et al. (2104) considering emissions 338 

from small, rural on-site WWTP in Finland, use of electricity and the transport of sludge to 339 

centralized treatment were found to be the major causes of carbon footprints. This is in line with our 340 

results without biobased emissions. 341 
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Figure 4. Percentages of generated emissions as CO2eq in different phases of the sewage sludge 342 

composting process and utilisation of compost for landscaping purposes. 100% is the total amount 343 

of emissions generated. a) Generated emissions with CO2 emissions from composting included, and 344 

b) generated emissions with CO2 emissions from composting process excluded. Transport included 345 

working machines needed in the composting area. 346 

 

 

     

 

     

         

         

         

         

         

         

         

         

         

         

         

         

         

         

         
Figure 5. Percentages of generated emissions as CO2eq in different phases of the sewage sludge 347 

anaerobic digestion (AD) process with biogas utilised in CHP production and digestate as fertiliser 348 

in agricultural fields. 100% is the total amount of emissions generated.  The AD plant was assumed 349 

to be located in Rovaniemi (for Inari, Kittilä; plant in the planning phase) or in Oulu (for other 350 

WWTP). a) Generated emissions with CO2 emissions from anaerobic digestion included, and b) 351 

generated emissions with CO2 emissions from anaerobic digestion excluded.  352 
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Figure 6. Percentages of generated emissions as CO2eq in different phases of the sewage sludge 353 

incineration process for sludge incinerated in Riihimäki without thermal drying (theoretical option). 354 

100% is the total amount of emissions generated. a) Generated emissions with CO2 emissions from 355 

incineration included, and b) generated emissions with CO2 emissions from incineration excluded.  356 

 357 

 358 

 

          

         

         

         

         

         

         

         

         

         

         

         

         

         

         

         
Figure 7. Percentages of generated emissions as CO2eq in different phases of the sewage sludge 359 

incineration process with sludge incinerated in Haapavesi with thermal drying with electricity and 360 

steam (theoretical option). 100% is the total amount of emissions generated. For steam, CO2eq 361 

emissions were expected to be zero. a) Generated emissions with CO2 emissions from incineration 362 

included, and b) generated emissions with CO2 emissions from incineration excluded. 363 
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 365 

Figure 8. Percentages of avoided emissions as CO2eq:  a) from composting when using compost in 366 

landscaping to replace fertiliser and peat, b) from anaerobic digestation when using digestate as 367 

fertiliser on agricultural fields to replace fertiliser and when using biogas in a CHP plant to replace 368 

other energy sources (calculations assumed a combination of peat (52%), oil (4%), wood (28%) and 369 

waste (16%) as sources in Oulu energy CHP production in 2015 (Oulun Energia Oy 2017a)). 100% 370 

is the total amount of emissions generated. Some emissions are really low so they are not very 371 

visible in the figures.The energy from incineration was assumed to be utilised in a CHP plant, and 372 

the avoided emissions were 100%  due to replacement of the other energy sources. 373 

 374 

4. Discussion  375 

In order to realise the avoided emissions, users of the end-products are needed, e.g. to utilise the 376 

generated biogas and compost or digestate. It was found that using sludge instead of fossil oil or 377 

other fuels to produce energy for the thermal heating of sludge reduced the emissions considerably. 378 

This was also true for the AD plant, as the generation of energy from biogas replaced the use of 379 

fossil-based fuels in vehicles and fossil and biobased fuels (wood, peat) in the CHP plant. When 380 

considering both the environmental perspectives and cost efficiency of the selected sludge treatment 381 

methods, the role of users of the end-products is highly important. In order to improve the 382 

possibilities to use the digestate or compost, it is necessary to know the exact chemical and physical 383 

composition of sludge so that the end-product can be used safely (Righi et al., 2013; Ahmad et al., 384 

2016) To improve the generation and use of biogas, optimisation of biogas production (e.g. by 385 

increasing the biodegradation rate of volatile solids (VS)) is important when considering the 386 

environmental impacts (Gourdet et al., 2016). It is noteworthy that use of the end-product (e.g. 387 

digestate) not only fulfils the aim of a circular economy, but also has positive environmental 388 
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impacts due to avoided emissions from manufacture, transport and use of mineral fertilisers and 389 

improved soil properties (Thomsen et al., 2017).  390 

 391 

Our results also suggests that capturing and utilising the gases generated in sludge treatment 392 

systems can have a notable effect on the GHG emissions from the treatment chain, since it cannot 393 

be done in all treatment methods studied. This is especially important when considering biobased 394 

CO2 emissions, which are usually not included in the calculations (Johnke, 2002; IPCC, 2006c; 395 

Manninen and Laitinen, 2015, but see Searchinger et al. 2009). If CO2 could be captured from the 396 

emissions stream, for instance in the case of incineration or AD, this would have significant benefits 397 

for the GHG balance (Salomoni et al., 2011). Such treatment methods with CO2 capture could even 398 

be considered carbon sinks, since they remove biobased CO2 emissions.  399 

 400 

5. Conclusions 401 

This study examined commonly used sewage sludge treatment alternatives in terms of amounts of 402 

GHG emissions produced under the conditions in Northern Finland. There was need to find the 403 

most environmentally sustainable treatment method by creating the suitable calculator with 404 

possibility to include or exclude biobased CO2 emissions. Anaerobic digestion of sludge was found 405 

to result in the lowest amount of emissions of the different treatment methods in all the six WWTP 406 

studied. The second best option was usually incineration of sludge without thermal drying. The 407 

third best was composting or incineration of sludge after thermal drying with e.g. fossil or other 408 

fuels. Although transport distances are long in Northern Finland, the share of emissions from 409 

transport was found to be rather low compared with the emissions from the treatment process itself 410 

when including biobased CO2 emissions. However, when only non-biobased emissions were 411 

considered, the share of transportation was considerable. These results will help the decision makers 412 

to select the most suitable solution for the treatment methods. It is noteworthy, that as the number of 413 

plants and treatment methods in this study is limited, these results cannot be generalized 414 

 415 

 In addition to GHG emissions, the locally most suitable sludge treatment method depends on e.g. 416 

costs and existing infrastructure. Moreover, sludge should be viewed not as waste, but as a useful 417 

material that could be valuable for fuel and fertiliser production and also as a CO2 resource for 418 

possible utilisation. As capturing and utilising the gases from sludge treatment processes has 419 

significant benefits for the GHG balance, some (AD, incineration) treatment methods with CO2 420 

capture can even be considered carbon sinks, since they also remove biobased CO2 emissions. This 421 
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novel finding (importance of local conditions and careful consideration of CCS possibilities) in our 422 

study needs more research in the future.  423 

 424 
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Highlights 588 

 Northern conditions need to be taken into account in the sludge management 589 

 Calculator suitable for determining the greenhouse gas emissions was created 590 

 Inclusion of biobased CO2 emissions was novel feature of the study 591 

 Anaerobic digestion generated the least CO2 equivalent emissions  592 

 Capturing of CO2 from the emission stream would benefit GHG balance 593 
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