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Abstract 10 

Nitrogen, phosphorus and organic matter are valuable resources in sewage sludge. Life cycle 11 

assessment (LCA) can be useful for comparing the potential environmental risks of sludge management 12 

strategies to their potential environmental benefits. With growing interest in resource recovery from 13 

sludge, there is an increasing need to properly account for the benefits that can be achieved, and to 14 

handle the multi-functionality issues that then arise in LCAs. So far, both of these aspects have often 15 

been handled in a generic and seemingly arbitrary way. 16 

The study identified and explored several alternative approaches to handle the multi-functionality in 17 

the LCA of a sludge handling system that generates both biogas and a sludge that is used on arable 18 

land; either through avoiding allocation by substituting for avoided products or services (e.g. fertilisers 19 

and natural gas), or by allocating the impact from the studied system between its functions based on 20 

economic terms. The choice of approach strongly influenced the overall LCA-result for the studied 21 

system, in particular for some of the studied impact categories. Although an attempt was made to 22 

apply economic allocation in this article, it can be concluded that no coherent basis for applying 23 

allocation was identified. Substitution was more easily applied, however, the results were highly 24 

dependent on the product assumed to be replaced by biogas and the modelling of avoided mineral 25 

fertiliser use. The previously neglected benefits related to organic matter provided by the sludge to 26 

arable land were potentially as important as the benefits of the nitrogen and phosphorus, although 27 
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the quantification of such effects will need further refinement, and are only relevant for certain soil 28 

conditions.  29 

Keywords 30 

Biosolids; life cycle assessment; resources; nitrogen; phosphorus; organic matter 31 

Highlights 32 

• A substitution approach showed to be sensitive to the modelling of replaced functions. 33 

• Modelling of products replaced by digester biogas is important for results. 34 

• Accounting for benefits of organic matter to arable land can be important. 35 

• No really useful allocation basis was identified, although economic allocation was tested. 36 

Abbreviations 37 

C carbon 38 

K potassium 39 

LCA life cycle assessment 40 

N nitrogen 41 

P phosphorus 42 

WWTP wastewater treatment plant 43 

1 Introduction 44 

In the EU-27 states alone, about 10 million tonnes (metric tons) of dry solids of sewage sludge (in this 45 

paper “sludge”) is generated yearly (Milieu Ltd et al., 2010). As sludge in general has a heating value 46 

of 21 MJ/kg dry matter (for activated sludge) and contains 1.5-5% nitrogen (N) and 0.8-1.1% 47 

phosphorus (P) (Metcalf & Eddy Inc et al., 2004) and large amounts of carbon (C), previous disposal 48 

methods such as landfilling of sludge are increasingly seen as a loss of potential resources, and focus 49 

is gradually shifting towards utilisation of these resources, for example through recovery of energy, 50 

materials or nutrients (in the future, even other types of resources, such as trace amounts of metals, 51 

could become worth recovering (Westerhoff et al., 2015)). 52 

Sludge treatment through anaerobic digestion followed by spreading on arable land is today a common 53 

way to deal with sludge and it enables use of resources in sludge in two ways, through the digester 54 

biogas and through the valorisation of the nutrients and organic matter in the digester sludge. Biogas 55 

can e.g. be combusted to generate electricity and/or heat that can be utilised internally in the 56 

wastewater treatment plant (WWTP) or be sold, or be used as a vehicle fuel. Utilisation of sludge as 57 

an organic fertiliser on arable land has been shown to increase agricultural productivity in numerous 58 
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studies (see Singh and Agrawal (2008) for a review). Use of sludge on arable land can provide both N, 59 

P and other nutrients and thereby recycle nutrients in society, which is consistent with the aim of 60 

developing a circular economy, and can also contribute to maintaining the concentration of soil organic 61 

carbon (SOC) (Brady et al., 2012). However, the use of sludge in food production is also associated with 62 

risks due to the heavy metals, organic micropollutants and pathogenic microorganisms in sludge (VKM, 63 

2009), and whether these risks are acceptable is debated. Generally, to fulfil national legislative 64 

requirements, the sludge needs to be hygienised before it can be applied to arable land, and there are 65 

also threshold limit values describing how much heavy metals and nutrients that can be applied to land 66 

(see e.g. EU Directive 86/278/EEC).  67 

1.1 Modelling of agricultural sludge use in LCA 68 

Life Cycle Assessment (LCA) is an assessment tool that can be used to quantitatively assess and 69 

compare the environmental performance of different products or services. It has been frequently 70 

applied in the context of wastewater treatment (Corominas et al., 2013). LCA can be used to compare 71 

environmental impacts of different types of sludge handling and can, together with other types of 72 

information such as from quantitative risk assessments, support decisions on the environmentally 73 

preferable way of handling sludge. But to provide valuable decision support, LCA methodology needs 74 

to be able to both assess negative impacts of the sludge management and account for potential 75 

resource recovery. The environmental impacts of sludge use in agriculture have recently attracted 76 

attention in several modelling studies, e.g. for toxicity assessments (Harder et al., 2016) and pathogen 77 

risk (Harder et al., 2014). Heimersson et al. (2016) showed that the modelling of N, P and major C flows 78 

originating from the wastewater is very important in LCA, since the type of wastewater treatment 79 

process determines whether they end up as an emission, contributing to environmental impacts, or as 80 

a resource flow and thereby possibly lowering or counteracting environmental impacts from the 81 

assessed system. 82 

1.2 Accounting for secondary functions during sludge treatment 83 

The increased focus on resource recovery from wastewater and sludge during recent years results in 84 

the fact that a wastewater and sludge management system is increasingly multifunctional. A system in 85 

which sludge treatment and end-use is the main function, and with secondary functions such as 86 

production of biogas and a soil fertiliser and conditioner, is an example of such a multi-functional 87 

system. When such systems are assessed, estimates need to be made on how much environmental 88 

burden that is to be attributed to the main studied function; this depends on how the 89 

multifunctionality is handled and how large the benefits from the resource recovery are considered to 90 

be. According to ISO 14044:2006 the preferred analytical approach is to inventory the studied system 91 
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in enough detail that each flow can be connected to a particular function. However, if any of the 92 

processes in a studied system delivers several functions, such subdivision is not possible. For the 93 

multifunctional system described above, the digestion can be considered to occur in order to 1) reduce 94 

the mass of sludge, 2) generate biogas for use as an energy carrier and 3) stabilise the sludge before 95 

agricultural use. Further, the application of sludge on arable land occurs in order to 1) dispose of the 96 

sludge, 2) provide nutrients and organic matter to the soil and 3) handle by-products from the biogas 97 

production. It is thus impossible to subdivide the system in order to solve the multi-functionality 98 

problem. In such cases, ISO14044:2006 recommends to expand the studied system to also include the 99 

functions provided by the co-products. This may be interpreted as expanding the functional unit to 100 

account for all functions (sometimes referred to as system expansion) (Heijungs, 2014) or to give the 101 

system a credit for the secondary functions by awarding the system negative emissions or avoided 102 

resource use corresponding to the avoided product or service that the secondary functions replace 103 

(e.g. the avoided production and use of mineral fertilisers replaced by sludge) (Koffler, 2014). The latter 104 

is referred to as substitution, and is a very common way to handle multifunctionality in LCAs on 105 

wastewater and sludge management. The least preferred option, according to ISO 14044:2006, is to 106 

allocate the burden between the different products or services. One of the products can then be 107 

considered to be responsible for the entire burden, or the burden can be allocated between the 108 

functions based on some relevant and comparable physical attribute, for example weight or energy 109 

content, or if that is not possible, on economic value. Allocation (partitioning) has not been tested 110 

earlier for a system like the one discussed above, as far as available literature reveals. 111 

Other examples of guiding documents on multifunctionality issues are the ILCD Handbook (EC-JRC, 112 

2010) and PAS 2050 (BSI, 2011). For a review on guidelines on how to treat multifunctionality related 113 

to co-production, recycling and energy-recovery see Schrijvers et al. (2016).  114 

1.2.1 The benefits of digester biogas generation 115 

If all the biogas is assumed to be consumed internally in the studied system, no multi-functionality 116 

issue will arise (e.g. if the biogas is used to heat the digesters). However, from a life cycle perspective, 117 

this may not be the environmentally preferable option, and depends on e.g. what other heating 118 

sources may be employed and the alternative use of the biogas. It is expected that biogas will 119 

increasingly be seen as a resource for which optimal use has to be decided on a case-by-case basis, 120 

and when biogas (or products from its combustion - heat and possibly also electricity) is used outside 121 

of the studied system, the multi-functionality that arises will have to be managed. 122 

Heimersson et al. (2016) showed in a literature review that digester biogas is commonly accounted for 123 

assuming on-site combustion of the biogas that generates heat and possibly also electricity that is used 124 
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internally at the WWTP as a first choice, but potential excess energy is often considered to be sold and 125 

to replace other means of heat and electricity production. Some exceptions are that Cao and 126 

Pawłowski (2013) assumed that biogas replaced diesel as a vehicle fuel while a few others (e.g. Mills 127 

et al. (2014)) assumed that it replaced natural gas production. 128 

1.2.2 The benefits of sludge use on arable land 129 

Heimersson et al. (2016) showed that a majority of reviewed LCA studies on wastewater and sludge 130 

management with agricultural sludge use accounted for the benefits of N and P on arable land, by 131 

crediting the studied system for the avoided production, and sometimes also the use, of mineral 132 

fertilisers. The remaining studies used EcoInvent datasets, in which the sludge management function 133 

is considered as waste treatment function that is allocated the full burden of the sludge treatment and 134 

land application processes, and no additional functions are accounted for. Heimersson et al. (2016) 135 

showed that the modelling of the amount of fertiliser that could be replaced by the sludge in a 136 

substitution approach is generally based on generic sludge-mineral fertiliser replacement ratios (the 137 

rate at which nutrients in the sludge is considered to replace mineral fertiliser nutrients, this can be on 138 

the basis of e.g. assumptions on plant availabilities) that are not specific for the conditions in the 139 

studied system.  140 

In addition to accounting for the benefits that N and P can provide, a few studies also accounted for 141 

the value of potassium (K) or for the carbon sequestration in soil (carbon capture in soil is then 142 

assumed to contribute to reduced climate impact). One Australian study suggested a method to 143 

account for the increased water retention capacity that could result from sludge spreading, when 144 

assessing the impact category of water use (Peters and Rowley, 2009).  145 

Increased SOC can increase crop yields, e.g. as it potentially increases soils´ N mineralisation capacity 146 

(Hedlund, 2012) and it improves the soil structure and increases the cation exchange capacity which is 147 

important for the soils ability to hold nutrients and water. As SOC in arable land vary considerably, so 148 

do the potential benefits of adding extra C to the fields. In Scania in southern Sweden, an area with 149 

low SOC, farmers show an interest in the potential to increase the SOC by using sludge (KSLA, 2012) (in 150 

addition to their main interest, the P). Schaubroeck et al. (2015) accounted for the potential benefits 151 

resulting from the organic material in sludge in Austria by assuming that the provision of humus C, in 152 

addition to N and P, through the application of sludge to arable land substituted for the production 153 

and use of peat and straw (based on C fertilizer data from Hermann et al. (2011)), in addition to 154 

replaced mineral fertiliser. However, in the regions where organic amendments are not normally 155 

added (as in Scania), e.g. because of low availability as the region´s livestock density is low, using the 156 

approach suggested by Schaubroeck et al. (2015) described above is not useful. In such cases, the 157 
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potential positive effects from the C in the sludge put on soil is thus an added benefit that does not 158 

replace any other product applied on the fields (as is the case with the N and the P otherwise added 159 

as mineral fertiliser). One possibility to account for this could be to add an indicator of soil quality to 160 

the impact assessment categories (see Garrigues et al. (2012) for a review). However, this does not 161 

necessarily provide very useful information since this indicator is relevant only for a small part of the 162 

studied system; the life cycle perspective would therefore not provide additional information.  163 

1.3 Purpose of the paper 164 

The current paper describes a study that aims to provide input to more relevant modelling of resource 165 

recovery resulting from sludge management in LCA, by investigating different possibilities for 166 

accounting for secondary functions relating to biogas and sludge used in agriculture, either through 167 

substitution or allocation, in a system whose main function is treatment and handling of sludge, in a 168 

region where sludge is land applied but not replacing any other organic amendment. Novel approaches 169 

for applying both substitution and economic allocation are identified and their practical applicability is 170 

tested on a specific Swedish sewage sludge management system. 171 

2 Method 172 

The current study explores different approaches for handling the multi-functionality in an LCA of a 173 

system that performs several functions: treatment and disposal of sludge, production and utilisation 174 

of biogas and provision of nutrients and organic matter to arable land, see Figure 1. The treatment and 175 

use of 1 dry tonne of sludge was chosen as the functional unit, reflecting the choice of sludge treatment 176 

as the main studied function. This means that the biogas production and use and the potential benefits 177 

of sludge when applied to arable land are additional (secondary) functions of the studied system. In 178 

the future the view on sludge may change, but in this study sludge is considered a waste and 179 

consequently no environmental impact from its production is considered (this can be questioned, but 180 

it is the approach used in all earlier LCAs on wastewater and sludge treatment (Pradel et al., 2016)). By 181 

investigating two different approaches for handling multi-functionality for such a system (substitution 182 

and allocation) the study aims to investigate (1) the importance of this methodological choice in LCA, 183 

as well as (2) the practice of applying such substitution and allocation approaches. After identifying 184 

several possible ways of handling the multi-functionality issue for the specific situation, they were 185 

tested for a model system.  186 

The decision context in focus in this study is the use of LCA to generate a part of the decision basis 187 

underlying strategic decisions on sludge treatment and end-use. The sludge treatment is therefore the 188 

main studied function, reflected in its functional unit, and the aim of the LCA is to assess one system 189 

in full in order to accurately capture both environmental benefits and drawbacks of that system. In 190 
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another decision context, focus could instead have been on nutrient provision to soil, where the main 191 

studied function could be “provision of P to arable land” (Linderholm et al., 2012). This would make 192 

the sludge treatment a secondary function and give rise to other multifunctionality issues (but similar 193 

to the ones described in the current study). 194 

 195 

 196 

Figure 1. The model system which provides sludge treatment (main function) and also products 197 

(secondary functions) in the form of biogas for use as energy carrier and sludge for use on arable land. 198 

2.1 Model system 199 

In the model system, mixed primary and secondary sludge is considered to undergo mesophilic 200 

anaerobic digestion in order to produce biogas, whereafter the digested sludge is used for agricultural 201 

purposes, see Figure 1. The life cycle inventory (LCI) was compiled for mixed sludge produced at Gryaab 202 

Ryaverket (treating municipal and industrial wastewater from approximately 800 000 person 203 

equivalents in Gothenburg, Sweden) that was digested on site, transported 100 km to a storage facility, 204 

stored for a minimum of 6 months (in order to fulfil current hygienisationrequirements before 205 

agricultural sludge use set up by a Swedish industry certification system for sludge that is land applied 206 

(REVAQ, 2016)) and finally transported a further 50 km to arable land for spreading. No infrastructure, 207 

such as buildings and machinery, were included in the inventory. The biogas was assumed to generate 208 

electricity and heat through combined heat and power (CHP) combustion, as this is a common 209 

approach in Europe. The LCI is further described in a Supplementary Material. The studied system was 210 

assessed using the Gabi 6 Professional software (Thinkstep, 2015).  Average data on production of 211 

energy and consumables were chosen instead of marginal data. Six impact categories were assessed, 212 

using the following mid-point indicators: global warming potential (GWP), acidification potential (AP), 213 

freshwater, marine and terrestrial eutrophication potential (EP) and photo-oxidant formation 214 

potential (POFP), using the characterisation methods recommended by the ILCD Handbook (EC-JRC, 215 
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2011). These impact categories were selected because of their relevance for assessing N, P and C 216 

benefits from resource utilisation from sludge, in accordance with Svanström et al. (2015). If the 217 

system were assessed for other purposes, e.g. to serve as a case study of the environmental impact 218 

from this type of systems, other impacts which are now excluded due to the limitations of this study, 219 

such as human toxicity and resource use, would have been relevant to include. The results presented 220 

in this study should thus not be used as guidance on benefits and drawbacks of the described system. 221 

2.2 Alternatives for handling multifunctionality in the studied model system 222 

Seven different modelling alternatives were selected; one baseline representing the current practice 223 

of applying substitution, four different variations in practice when using substitution, and two types of 224 

allocation. The different substitution and allocation alternatives are summarised in Table 1 in Section 225 

3. 226 

In the current study, the same modelling approach (substitution or allocation) is consistently used to 227 

account for both secondary functions (related to biogas and the sludge use on arable land) for each 228 

investigated alternative. Consistent use of the approach for handling multi-functionality has also been 229 

advocated elsewhere (Sandin et al., 2015). However, no efforts have been made to vary the handling 230 

of multifunctionality in background system inventory datasets. 231 

2.2.1 Baseline 232 

The baseline reflects common practice in LCAs on sludge management, as identified by Heimersson et 233 

al. (2016). The energy generated from biogas was assumed to replace Swedish average grid electricity 234 

production and district heat production in Gothenburg. This approach to account for gross energy 235 

values was chosen in order to clearly illustrate the importance of the utilisation of biogas; overall net 236 

results are not affected by this choice. Sludge on arable land was assumed to replace N and P mineral 237 

fertilisers (calcium ammonium nitrate and triple super phosphate) at a replacement ratio of 0.5 and 238 

0.7 (based on earlier common practice, see section 2.2.3), respectively, with data on mineral fertiliser 239 

production from Fertilizers Europe (Brentrup, 2015). This new data set gives a smaller environmental 240 

impact to calcium ammonium nitrate and triple super phosphate production for all of the studied 241 

impact categories compared to e.g. the datasets of Davis and Haglund (1999), which has been used, 242 

directly or indirectly, in many earlier studies (e.g. Johansson et al. (2008), Linderholm et al. (2012), and 243 

many studies based on the ecoinvent database (Nemecek and Kägi, 2007)). This means that the 244 

contribution of the replaced mineral fertiliser production to the total impact is generally smaller in this 245 

study compared to previous work, and in effect, resource recovery generates smaller benefits today 246 

as alternative activities have decreased their environmental impacts. 247 

2.2.2 Substitution 1: Alternative assumption on the use of biogas 248 
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Substitution aternative 1 investigates the effect of assuming an alternative use of biogas where the 249 

biogas is upgraded and used to fuel vehicles (which is the actual case in Gothenburg), thereby replacing 250 

natural gas. The replacement ratio was based on heat content (SGC, 2012). Data on upgrading of biogas 251 

was taken from the work of Palm and Ek (2010), on natural gas production from the Gabi professional 252 

database and on emissions from biogas use in heavy vehicles (per MJ of biogas) from Börjesson et al. 253 

(2010). The same emissions per MJ were assumed for natural gas use, and with added fossil CO2 254 

emissions, based on a stoichiometric calculation assuming that 1 mole of CH4 gives rise to 1 mole of 255 

CO2, and that Swedish natural gas contains 90% CH4 (SGC, 2012).  256 

2.2.3 Substitution 2: Alternative replacement ratios for N and P 257 

Selecting replacement ratios is challenging. The plant availability of nutrients (both those originating 258 

from sludge and from fertilisers) are dependent on e.g. the local conditions of the soil, the climate, the 259 

cropping and fertiliser application practice and, in the case of sludge, e.g., the precipitation chemical 260 

used to precipitate P in the WWTP (Bengtsson et al., 1997). The true replacement ratio will thus depend 261 

on local conditions and a generic replacement ratio cannot be established. Further, the actual 262 

replacement ratio will also depend e.g. recommendations within the agricultural sector on appropriate 263 

levels and on the cost of mineral fertilizers.  264 

Examining the references on replacement ratios in the studies reviewed by Heimersson et al. (2016), 265 

one can conclude that many of them refer (directly or indirectly) to Bengtsson et al. (1997) and/or 266 

Dalemo et al. (1998). Bengtsson et al. (1997) define “substitutability” as the plant availability of a 267 

nutrient in sludge (or urine) divided by the plant availability of the nutrient in the other fertiliser. They 268 

suggest replacement ratios of 0.5 and 0.7, for N and P, respectively, for dewatered sludge that has 269 

been stored at the WWTP, based on one growing season. Dalemo et al. (1998) suggest using a mass 270 

balance model to estimate the decreased need for mineral N fertiliser due to the use of an organic 271 

fertiliser (and discussed it for manure). Dalemo and colleagues assumed that all NO3
-, the NH4

+ that 272 

has not been lost as emissions and 30% of the organic N in organic waste replaced mineral fertiliser 273 

use during the first year. They assumed that during the following years, the remaining organic N in the 274 

soil is mineralised and becomes plant available in a fraction equal to the one under the first year, and 275 

is then also replacing N fertiliser. The review by Heimersson et al. (2016) showed that N replacement 276 

ratios of between 0.4 and 1 have previously been used, and for P between 0.5 and 1.  277 

A hypothetical maximum N replacement ratio for a specific system could be calculated using a mass 278 

balance, based on the assumption that all N in the dewatered sludge or mineral fertiliser that is not 279 

emitted to air or water becomes plant available in a long-term perspective, similar to what was done 280 

by Dalemo et al. (1998). For the current model system, a maximum potential replacement ratio for N 281 



10 
 

would correspond to roughly 0.8 for dewatered sludge, calculated as a quotient of the N available in 282 

the sludge after accounting for losses during storage and after spreading on arable land, and the N in 283 

the mineral fertiliser after accounting for losses after spreading on arable land (note that possible 284 

emissions of nitrogen gas are not accounted for). The described approach quantifies a theoretical 285 

potential for N utilisation, but an alternative that would be to rather base the replacement on what is 286 

actually replaced, i.e. quantifying the reduced use of fertiliser by farmers in the region of study. The 287 

Swedish board of Agriculture (Jordbruksverket, 2014) recommends farmers to judge what they call the 288 

“nitrogen effect” of organic fertilisers (other than manure for which more specific guidance is given) 289 

as the readily plant available content of the organic fertiliser. In this study, only NH4
+-N is, as a 290 

conservative estimate, considered readily available (since the NO3
- level in sludge is very low, and since 291 

it is difficult to estimate how much of the organic nitrogen will be mineralised in the soil in the short 292 

term, farmers do not always account for this N). In the current model system, this would correspond 293 

to approximately 30% of the total N in the dewatered sludge (depending on the timing of the spreading 294 

of the sludge, this figure could actually become even lower, a conservative assumption could be 50% 295 

of the NH4
+-N). Remaining N in the sludge is organically bound and is less available to plants. Some of 296 

it would mineralise over time, but the timing (both the time of the spreading and when the particular 297 

crop takes up N) of this is central for whether crops can utilise it or if it leaks from the field. It is unlikely 298 

that the farmers would take the risk of reducing their mineral fertiliser dose to the extent that that 299 

crops may not be provided sufficient amounts of N (within reasonable limits, there is also a potential 300 

risk of overdosing N). Therefore, it cannot be assumed that the organically bound N would in practice 301 

substantially lower the use of mineral fertiliser. The effect of choosing a replacement ratio 302 

corresponding to the NH4
+-N content in the sludge and thereby what can actually be assumed to be 303 

done by the farmer in Sweden was tested in Substitution 2. This assumption can be argued to reflect 304 

a static technosphere (which is common in attributional modelling). 305 

P is present in sludge as plant available mineral P or organically bound P (that eventually can be 306 

mineralised). The leakage to air and water is likely to be small (Stutter, 2015) and it is therefore 307 

common to apply enough P fertiliser for several years of crop requirement during a single spreading. 308 

Linderholm (2011) published a review of the literature on P availability in sludge under Swedish 309 

conditions and concluded that it was not possible to quantify plant availability for P in sludge. In the 310 

later published LCA by Linderholm et al. (2012), a replacement ratio of 1 was assumed, implying that 311 

the P from the sludge gradually becomes available to an extent similar to mineral fertiliser P. However, 312 

Jönsson et al. (2015) argued that P applied to land through sludge becomes less available to plants 313 

over time and that some P is strongly bound in complexes with precipitation chemicals, and assumed 314 

a P replacement ratio of 0.6 in their LCA. In Substitution 2, a replacement ratio of 1 is tested, in order 315 
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to reveal the effect of a best case scenario with maximum resource recovery. For P it could be 316 

reasonable to account for the share of the nutrients potentially becoming plant-available over time, as 317 

this is sometimes indirectly partly accounted for by farmers, if they base their P mineral fertiliser dosing 318 

on soil mapping. 319 

2.2.4 Substitution scenario 3: Substituting also for organic matter and micronutrient provision 320 

through sludge use on arable land 321 

In Sweden, no other organic amendments than farmyard manure are normally added to the fields in 322 

order to increase SOC (other than occasionally sewage sludge). The benefits of an increase in organic 323 

matter in the soil is difficult to quantify, but increased crop yields could be used as a proxy. It is however 324 

hard to find studies that allow for quantifying the increased SOC’s impact on crop yields separately 325 

from the effect of N and P addition. However, in Substitutions 3A and 3B, two alternative ways of 326 

quantifying the replaced crop yield resulting from benefits other than N and P from sludge on arable 327 

land are tested, for a region with low SOC, and the extra crop yields are then assumed to replace crop 328 

production elsewhere.  329 

Swedish soils are most often mineral soils and soil in southern Sweden often has a low SOC, about 1.8% 330 

C (data for Scania, Berglund et al. (2009)). The project Soilservice (part of the European Union’s 7th 331 

framework program 2009-2012) reported that, in Scania, a 1% relative increase in the C stock resulted 332 

in an increase in winter wheat yield of 38 kg/ha/yr (Hedlund, 2012). The same project reported that 333 

agricultural use of sludge increases the C stock in the soil by about 0.9% per year (Brady et al., 2012). 334 

Figures of the same magnitude are reported by Börjesson et al. (2012), for sludge application in Ultuna, 335 

Sweden, between 1956 and 2009 (sludge corresponding to 4 tonnes of C per hectare every second 336 

year). Assuming that the yield increased linearly with the C up to that point, around 35 kg of winter 337 

wheat per hectare could be considered to be replaced by sludge use on agricultural soil. This figure has 338 

been divided by the amount of sludge used on annual average in Ultuna to get the average per dry 339 

matter tonne (the functional unit in this study). In this case it has been assumed that the effect during 340 

four years (the crop rotation period) can be attributed to the specific tonne of sludge. This way of 341 

quantifying the effect of the sludge on the SOC was used in Substitution 3A. 342 

No long-term studies on sludge use in agriculture under Swedish conditions have investigated the same 343 

type of land fertilised to the same extent with either sludge or mineral fertiliser. Instead, field studies 344 

have generally tested the effect of adding sludge to arable land that was also given full mineral fertiliser 345 

rate, half rate or no fertilisers. For Substitution 3B, benefits from sludge use on arable land other than 346 

N and P were quantified using results from a long-term field experiment performed in Scania, Sweden, 347 

since 1981 (Andersson, 2012). The study reported that a supply of 1 dry tonne of sludge per hectare 348 

and year (given as a 4-year provision), combined with full N, P and K mineral fertiliser provision, 349 
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increases the yield by, on average, 0.09, 0.35 and 0.02 tonnes per hectare and year for winter wheat, 350 

winter rapeseed and spring barley, respectively (based on data for 17 harvests). Assuming that this 351 

effect is due to other substances than N and P (as these nutrients are already provided in sufficient 352 

amounts by mineral fertilisers), these results could be used for our LCA to indicate the additional yield 353 

resulting from the provision of C and nutrients other than N and P and K through the sludge use on 354 

arable land. In Substitution 3B, 4-year provisions of sludge were assumed to be applied to fields with 355 

a 4-year crop rotation; spring barley, winter rape seed, winter wheat and spring barley. The selected 356 

crops represent dominating crops in Southern Sweden (Statistics Sweden, 2014). The sludge that has 357 

been applied to the fields in the Scania study is digested and contains 2.7-5.7% P and 0.37-2.1% NH4-358 

N (on a dry matter basis), which is similar to sludge generated in Gothenburg. As the dosing of sludge 359 

in the field trials by Andersson et al. was slightly higher per hectare than what would be the case for 360 

the model system sludge, based on current Swedish legislative allowances, results have been scaled 361 

per dry tonne of sludge. Data inventories on crop production for the different grains in the studied 362 

region were obtained from ecoinvent (due to limitations in data availability, data for German 363 

conditions were used). The selected approach is assumed to be an overestimation of the actual effect, 364 

as part of the effect might in fact be a result of the extra N and P applied through the sludge. 365 

2.2.5 Allocation 1: All impact is burdening the sludge treatment function 366 

In contrast to a substitution approach, it is also possible to divide the impact from a system between 367 

its usable co-functions. The simplest allocation alternative would be to allocate all the impact to one 368 

of the functions, e.g. as is done in the datasets on wastewater treatment in the EcoInvent database 369 

(Doca, 2009) where all impact from sludge land application is attributed to the wastewater treatment 370 

function, motivated by the fact that the main function of the sludge system is a waste treatment, and 371 

safe disposal of sludge is required by law, whether or not any by-products are extracted from the 372 

process. Such an approach is applied in Allocation 1 (in this case both for biogas and sludge on arable 373 

land). 374 

2.2.6 Allocation 2: Economic allocation 375 

Allocation of shares of the environmental impacts of the studied system to its different functions on 376 

the basis of traditional physical relationships like mass, volume or energy were rejected in the current 377 

study. This is due to the fact that the three co-functions (one waste treatment service (the sludge 378 

handling), one energy carrier (the biogas) and one fertilising agent (the agricultural sludge use)) cannot 379 

reasonably be quantified using the same physical denominator. For the same reason, allocation based 380 

on exergy, which Sandin et al. (2015) found useful for their studied biorefinery when they were faced 381 

with a similar lack of common physical denominator, was also rejected. 382 
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Economic allocation is an option, but wastewater and sludge treatment systems offer several 383 

challenges when quantifying the economic value of the different functions. Economic allocation is 384 

often based on the market value of the different products or services. In Sweden, the WWTPs are 385 

publicly owned and operated, paid for by households and other users by a combined fee for water and 386 

sanitation that differs for different municipalities. The pricing of the biogas generated in the public 387 

Swedish water sector (e.g. discussed by Nordahl (2013)) is regulated through the Public Water Supply 388 

and Wastewater Systems Act (SFS 2006:412). For sludge, WWTPs in Sweden generally have to pay a 389 

contractor who collects, stores and distributes sludge to farmers, when this is the employed route. 390 

Estimating the economic value of the sludge for the Swedish farmer is challenging as there are very 391 

large variations and uncertainties. 392 

Despite the difficulties, economic allocation was attempted as Allocation 2 in the current study. 393 

Calculated per functional unit, Gryaab had, in 2014, an income of about 1100 SEK for the biogas 394 

(including incomes from accepting small amounts of organic waste to be co-digested with the sludge) 395 

and total operation costs for the wastewater and sludge treatment at the WWTP of 8200 SEK 396 

(calculated based on information in Gryaab (2014)). The cost of sludge treatment is often of the same 397 

order of magnitude as the cost of the wastewater treatment (UNEP, 2002) and therefore, half of 398 

Gryaab’s costs were attributed to the wastewater treatment. Andersson (2012) reported a value of 399 

sludge used in agriculture of between 500-1000 SEK per tonne dry sludge in terms of increased yield 400 

as a low estimate. Using these numbers for Allocation 2 results in that the sludge handling function 401 

should be burdened with about 70% of the impact of the studied system1. 402 

A principally different alternative could have been be to apply allocation in the life cycle impact 403 

assessment phase (on midpoint or endpoint indicator level) instead of in the inventory phase, as 404 

discussed for monetary valuation by Pizzol et al. (2015). Similar thoughts were brought forward by 405 

Cherubini et al. (2011), presenting a partitioning method based on avoided environmental impact. But 406 

as pointed out by Sandin et al. (2015), a major problem with such an approach is that it allocates most 407 

of the environmental burden to the product that prevents most environmental impact in another 408 

system, which does not promote such utilisation of the product/service. It is also central that the value 409 

of all the compared functions (in this case sludge treatment and handling, the biogas use and sludge 410 

utilisation on arable land) should be quantified in the same phase in the LCA (i.e., the LCI phase). 411 

3 Results and discussion 412 

 
1 Calculated as the value of the sludge treatment divided by the value of the sludge treatment, the 
biogas and the sludge in agriculture ((8200/2)/((8200/2)+1100+((500+1000)/2))=0.7). 
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The seven evaluated substitution and allocation alternatives are summarized in Table 1. Figure 2 413 

displays the results of the different approaches for accounting for benefits and handling of multi-414 

functionality. In general, AP and terrestrial EP results are not as strongly affected by the choice of 415 

modelling approach as the remaining studied impact categories are. 416 

Table 1. Description of the selected modelling alternatives for handling multi-functionality in a system 417 

where sludge is treated (main studied function), biogas is generated and used, and sludge is used for 418 

agricultural purposes. 419 

Alternative Description 

Baseline Biogas assumed to be combusted in CHP unit, generating electricity and heat, that is replacing other 

means of energy production. For sludge used at arable land, mineral fertiliser is replaced at replacement 

ratios of 0.5 for N and 0.7 for P (based on common LCA practice, Bengtsson et al. (1997)). 

Substitution 1 Biogas assumed to be upgraded and used as vehicle fuel, replacing natural gas. Sludge used on arable 

land - as in baseline scenario. 

Substitution 2 Biogas - as in baseline scenario. For replacement of mineral fertiliser replacement ratios of 0.3 for N 

(calculated from the readily available N in sludge and mineral fertiliser) and 1 for P (assuming that P 

leakage to air and water is considered to be negligible for both sludge and mineral fertiliser) are applied. 

Substitution 3A As baseline, but also accounting for the potential crop yield-increasing effect of the organic matter from 

sludge use in agriculture, using data on replaced crop yield calculated from the project Soilservice 

(Brady et al., 2012; Hedlund, 2012) and Börjesson et al. (2012). 

Substitution 3B As baseline, but also accounting for the potential crop yield-increasing effect of the organic matter and 

nutrients other than N and P from sludge use in agriculture, using data from Andersson et al. (2012). 

Allocation 1 All impacts allocated to the sludge management. 

Allocation 2 Economic allocation. Using data on prices for sludge treatment and biogas in Gothenburg (Gryaab, 

2014) and the value of the yield increase due to sludge used in agriculture (Andersson et al. 2012), 

thereby allocating 70% of the impact to the sludge treatment. 

 420 

  421 
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 422 

 423 

Figure 2. Gross life cycle impact assessment results (normalised against the largest absolute net result 424 

for each impact category, in order to make it possible to show results for several impacts in the same 425 

graph) for the studied model system, for the impact categories of global warming potential (GWP), 426 

acidification potential (AP), photochemical oxidant formation potential (POFP), and freshwater, marine 427 

and terrestrial eutrophication potential (EP), displayed per tonne dry matter of sludge entering the 428 

digestion. The different alternatives represent different ways of handling the multi-functionality in the 429 

system, see Table 1 for more details. 430 

  431 
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When substitution is applied, GWP and POFP are heavily affected by the modelling of the products 432 

assumed to be replaced, especially for the digester biogas, but also for the sludge on arable land. 433 

Freshwater and marine EP depends on the modelling of products replaced by sludge use on arable 434 

land. The results also indicate that accounting for benefits other than N and P in the sludge 435 

(Substitution 3A-B) can be important as it influences the overall results, although these first attempts 436 

of quantifying these benefits will need refinement. The time perspective considered for the 437 

substitution of benefits of the organic matter in sludge used in agriculture is very important as soil 438 

build-up takes time, why long-term studies are needed.  439 

Despite the fact that P is often put forward as a main argument for sludge use on arable land results 440 

showed to be more important for replaced N than for P. Other impact categories, such as abiotic 441 

resource depletion, would perhaps better reflect the benefits of P recovery from sludge, and need 442 

future evaluation. Although the change in N replacement ratio between the baseline scenario and 443 

Substitution 2 yielded a moderate impact on the results, it indicates that the choice of markedly higher 444 

replacement ratios in some earlier studies (Heimersson et al., 2016) likely affects results substantially. 445 

Attributing all impact to the sludge treatment function (Allocation 1) or using economic allocation 446 

(Allocation 2) gave the system equal or higher impact compared to if a substitution approach was 447 

applied. Due to the large uncertainty in the data on which the economic allocation relies, the exact 448 

approach used in Allocation 2 is not recommended for future studies. Rather, it can serve as inspiration 449 

in identifying more suitable ways to apply economic allocation. 450 

It was noteworthy that for GWP and marine freshwater EP, the avoided emissions after mineral 451 

fertiliser use on arable land were more important for the results than the avoided production of the 452 

mineral fertiliser. Although the avoided emissions of the mineral fertiliser use phase have been 453 

included in LCAs on sludge management systems for a long time, (see e.g. Johansson et al. (2008) and 454 

Brown et al. (2010)), it is still not common practice (Heimersson et al., 2016), which it ought to be 455 

based on the results of the current study. Similar results were also shown by Schaubroeck et al. (2015). 456 

The results shown in Figure 2 would probably be different if calculated for other regions than Sweden. 457 

The Swedish electricity mix relies largely on hydro- and nuclear power, and the district heating in 458 

Gothenburg relies largely on waste incineration and waste heat from industries, all with relatively low 459 

environmental impacts. Changing the geographical boundary to EU-27 would, for example, probably 460 

give a larger impact from the mesophilic digestion (due to its energy use) but also larger replaced 461 

environmental impacts from substituted CHP. 462 

The model system in the current study was inventoried and assessed with an attributional inventory 463 

data approach in mind (using average data), which has been common also in earlier LCAs on 464 
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wastewater and sludge management systems (Heimersson et al., 2016). The current study does not 465 

aim to provide guidance on which approach is preferable for handling multifunctionality issues in 466 

attributional and consequential studies respectively; for such guidance the reader is referred to the 467 

guideline documents (e.g. BSI (2011), ISO (2006) and EC-JRC (2010)) of choice for their study. As 468 

described in Section 1, a substitution approach can be relevant in both attributional and consequential 469 

studies, and differences could e.g. depend on the choice of data for production of the replaced 470 

product, as a consequential studies often rely to some extent on marginal data. Instead of assuming 471 

that the digester biogas would replace natural gas as vehicle fuel, a replacement of a more 472 

conventional fuel such as gasoline or diesel could be relevant although this would require a different 473 

kind of engine, and thus reflects a more long-term technology shift. Another example of how the data 474 

inventory could be adjusted to a consequential setting is when, as in Substitutions 3A-B, increased 475 

yields due to the organic matter provision to arable land through sludge is assumed to replace average 476 

crop production elsewhere in the region. If marginal crop production would instead be replaced, a 477 

decreased need for productive land (less non-cultivated land would globally have to be transformed 478 

to cropland to accommodate for the currently globally increasing needs for productive land to feed a 479 

growing population), or a decreased market prices of crops giving rise to different possible rebound 480 

effects, could be reasonable to include in the inventory. These two examples indicate the importance 481 

for the results of the choice of an average or marginal approach to data collection. 482 

4 Conclusions 483 

The results of the current study can be summarised in the following main conclusions: 484 

• Substitution has historically been the predominant way of accounting for the benefits of 485 

digester biogas and sludge use on arable land. This approach was more easily applied than 486 

economic allocation to solve multi-functionality issues in this study. 487 

• The LCA results for the model system are sensitive to both the choice of biogas use and to the 488 

modelling of replaced functions due to sludge use on arable land. 489 

• The ratio at which the N in sludge replaces mineral N fertiliser was shown to be important for 490 

the overall LCA results. To base the substitution on the amount of mineral fertiliser that is 491 

actually, rather than theoretically, replaced is preferable in many situations. 492 

• The potential effect of applying organic matter to arable land with no access to other organic 493 

amendment (e.g. farmyard manure) cannot be overlooked. On the contrary, the results of this 494 

study indicate that the yield increase and thereby replaced crop production elsewhere could 495 

be in the same order of magnitude as accounting for the avoided use of mineral fertilisers 496 

resulting from the N and P in the sludge. More research is however needed. 497 
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• Although a novel economic allocation was tested, the lack of relevant bases for allocation 498 

remains. 499 
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