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Abstract 51 
Decentralized anaerobic digestion (AD) of manure and organic residues is a possible strategy 52 

to improve carbon and nutrient cycling within agricultural regions, meanwhile generating 53 

renewable energy. To date, there has been limited adoption of decentralized AD technology in 54 

industrialized countries owing to low profitability for plant operators. There remains a need to 55 

demonstrate the wider sustainability of small-scale, decentralized AD in order to justify policy 56 

support for such a strategy. This study applies a multi-dimensional assessment of the 57 

environmental, economic and social sustainability of two scenarios of decentralized, farm-scale 58 

AD of pig slurry and organic residues in Southern Sweden. The environmental dimension was 59 

assessed by means of an expanded boundary life cycle assessment, in which trade-offs between 60 

fertilizer replacement, soil organic carbon accumulation, digestate/manure storage and 61 

application, transport and soil emissions were evaluated. The economic dimension was assessed 62 

through modelling of the net present value and internal rate of return. Finally, the social 63 

dimension was assessed by means of a stakeholder perception inquiry among key stakeholders 64 

in the field. It was concluded that the overall environmental balance of decentralized AD was 65 

favorable, while also the net present value could be positive. Fertilizer replacement, soil organic 66 

carbon and digestate storage effects were identified as important factors that should be 67 

accounted for in future life cycle assessments. A key issue for interviewed stakeholders was 68 

product quality assurance. Wider application of multi-dimensional sustainability assessment, 69 

capturing important nutrient cycling effects, could provide an evidence base for policy to 70 

support sustainable deployment of decentralized AD.  71 

 72 
Keywords: anaerobic digestion; bio-based fertilizers; circular economy; resource recovery; 73 

sustainable farming; nutrient management.  74 
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1. Introduction  96 

The European Union has committed itself to an average reduction of greenhouse gas (GHG) 97 

emissions of 20% by 2020 and 40% by 2030 relative to 1990 (EuroStat, 2017). Herewith, 98 
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agriculture is projected to obtain a 17% reduction in GHG emissions by 2020, partly due to 99 

decreasing use of fertilizers and increasing productivity (EuroStat, 2017). Indeed, the 100 

agricultural sector is responsible for more than 40% of anthropogenic methane (CH4) emissions 101 

and more than 50% of nitrous oxide (N2O) emissions (EuroStat, 2017). Both CH4 and N2O are 102 

GHGs with global warming potentials that are, respectively, 25 and 298 times greater than that 103 

of carbon dioxide (CO2) (EuroStat, 2017). The main sources of CH4 are enteric fermentation 104 

and manure management, while N2O is mainly derived from the turnover of nitrogen in 105 

fertilizers, manure and crop residues, and indirectly from the turnover of nitrogen lost to the 106 

environment via ammonia volatilization or nitrate leaching (EuroStat, 2017). Significant 107 

reductions in GHG emissions are therefore expected if CH4 and N2O emissions can be reduced 108 

via improved management practices in agriculture. 109 

 110 

Decentralized anaerobic digestion (AD) in agriculture provides possibilities to reduce GHG 111 

emissions by producing a CH4-rich biogas from manure and crop residues. A decentralized 112 

biogas plant is a small digester located on a farm that treats substrates from the farm and local 113 

sources such as household food waste and waste from food processing plants. Such small biogas 114 

plants could fulfill a useful role in rural areas where cumulatively large amounts of organic 115 

wastes are often handled sub-optimally owing to costs of transporting them to  large centralized 116 

AD facilities. The produced biogas can be transformed into electricity, heat or fuel for the farm, 117 

while the resulting digested waste, i.e. the digestate, can be returned to land as a valuable 118 

organic-mineral fertilizer, thereby reducing the use of chemical fertilizers (Vaneeckhaute et al., 119 

2013a, 2014, 2016). As such, closed loop recycling management systems could be strengthened 120 

and emissions from conventional manure storage and application could potentially be reduced. 121 

The use of digestate can also contribute to carbon sequestration, since digestate organics are 122 

incorporated into the soil (Vaneeckhaute et al., 2013a, 2014). Anaerobic digestion can also 123 

create new sources of income for farmers, such as carbon credits.  124 

 125 

Despite many opportunities for farm-scale biogas plant development in rural regions, the 126 

widespread adoption of decentralized biogas technology has yet to take off (ADAS and SAC, 127 

2007). Currently less than one percent of the potential benefits from anaerobic digestion are 128 

being realized (EUBIA, 2017). Reasons for this include the non-supportive regulatory 129 

framework, the lack of economic incentives for potential investors, as well as the lack of 130 

knowledge and accurate quantitative studies on the potential benefits of decentralized digestion 131 

(EUBIA, 2017). There is a need for a scientifically robust evidence base for policy to support 132 

decentralized AD, integrating the economic, social and environmental pillars of sustainability. 133 

 134 

Life cycle assessment (LCA) is increasingly being applied to evaluate the environmental 135 

sustainability of AD (e.g., Chiew et al., 2015; Rehl and Müller, 2011; Vázquez-Rowe et al., 136 

2015), but emphasis is usually placed on energy generation, while nutrient and soil organic 137 

carbon (SOC) effects are considered in less detail using crude assumptions, with some 138 

exceptions (e.g., Cong et al., 2017). Further, environmental effects of storage of manure or 139 

digestate, such as emissions and potential nutrient losses, can wholly or partly offset the benefits 140 

of nutrient recycling from these products. Storage of residues is, however, often not fully 141 

accounted for, for example, the EU Renewable Energy Directive 2009/28/EC neglects digestate 142 

storage, and many existing LCAs seem to overlook the importance of effective 143 

manure/digestate storage with respect to nutrient losses and GHG emissions (EC, 2009; JRC, 144 

2014). Moreover, a holistic LCA study should be accompanied with an evaluation of the 145 

economic benefits/losses when changing farm management practices. Finally, even if 146 

environmental and economic benefits are clear, recycled fertilizer marketing will be highly 147 

influenced by the social perception in the agricultural region. Ideally, a more holistic and multi-148 
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dimensional sustainability assessment framework for the use of biofertilizers in agriculture 149 

should be applied in order to evaluate the real potential benefits of decentralized anaerobic 150 

digestion. 151 

 152 

The aim of this study was to identify the environmental, economic and social sustainability of 153 

using digested waste (pig manure, food waste, slaughterhouse waste and grass silage, notably), 154 

hereafter called residue biofertilizers (RBFs), instead of raw animal manure and synthetic 155 

fertilizer in decentralized agricultural regions. To this end, a multi-dimensional sustainability 156 

assessment is performed for the case of Southern Sweden. A concept map of the research 157 

strategy is provided in Figure 1.  158 

 159 
Figure 1: Concept map of the multi-dimensional sustainability assessment framework 160 

proposed in this study. 161 

 162 

The environmental dimension was investigated through an LCA, accounting for trade-offs 163 

between digestate storage, fertilizer replacement and soil organic carbon effects, transport and 164 

soil emissions for using RBFs, as well as counterfactual effects of the avoided conventional 165 

manure and waste management. The economic dimension was assessed by means of a techno-166 

economic analysis of decentralized AD and digestate handling at the farm level, resulting in net 167 

present value (NPV) and internal rate of return (IRR) economic indicators. The social 168 

dimension was assessed by means of a stakeholder perception inquiry that investigates the 169 

acceptance of RBFs in agriculture among different key stakeholders in Southern Sweden. As 170 

such, this research will help identifying key bottlenecks in the widespread implementation of 171 

anaerobic digestion and digestate recycling in decentralized regions, and indicate opportunities, 172 

e.g., in terms of policy amendments and priority measures, to enable more effective usage of 173 

recycled nutrients.  174 

2. Methods  175 

2.1 Environmental dimension 176 

 177 

2.1.1 LCA framework for residue biofertilizers 178 

Table 1 lists the key processes and factors to consider when undertaking an LCA of RBFs. A 179 

first important issue is where to draw LCA boundaries, which will depend on the type of LCA 180 

to be applied (attributional or consequential), the question being asked and the prevailing fate 181 

of the residue investigated in the region of study used to define the baseline (Table 1). Fertilizer 182 

replacement value (FRV) is a key determining factor for the environmental balance of RBF 183 

(Vaneeckhaute et al., 2013a, 2014). Therefore, it is relevant to apply an expanded boundary, or 184 

consequential, LCA to fully evaluate the environmental balance of RBFs. Given the multiple 185 

nutrients delivered in RBFs, it is difficult to define a simple functional unit. Instead, results may 186 
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be expressed for a reference flow, such as 1 Mg dry matter (DM) of RBF, considering all 187 

relevant incurred and avoided effects. In Table 1, it is suggested that the following impact 188 

categories are particularly important to represent main elements of the environmental balance 189 

of RBF: i) global warming potential (GWP), ii) eutrophication potential (EP), iii) acidification 190 

potential (AP), and iv) fossil resource depletion potential (FRDP), as, e.g., in CML (2010). 191 

Other environmental impact categories such as human toxicity and freshwater eco-toxicity 192 

(CML, 2010) may be relevant for some RBFs, especially those containing heavy metals or other 193 

impurities, but are not investigated further in this study.    194 

 195 

Field application of residues will give rise to emissions to air and water, most importantly NH3, 196 

N2O, NO3, PO4, which can be estimated or modelled using various sources (e.g., IPCC, 2006; 197 

Johnes et al., 1996; Li, 2000; Li et al., 1992; Nicholson et al., 2013). Concentrations of potential 198 

soil contaminants such as heavy metals and persistent organic compounds vary widely 199 

depending on the source of the residue. Hence, estimates of leaching from these residues 200 

contributing to human- or eco-toxicity burdens requires data from residue analysis. Such 201 

impacts are localized whereas LCA takes a regional approach. Furthermore, data availability is 202 

often limited which means contaminants may remain outside the LCA system boundary.  203 

 204 

Table 1. Key processes and factors to consider when undertaking a life cycle assessment of 205 

residue use as a bio-fertilizer. 206 

Stage Key processes and factors  Data sources 

Residue collection and 

transport 

- Separated waste collection 

- Transport type & distance 

- LCA databases (e.g., 

Ecoinvent) 

- Measurement data 

Residue treatment 

(composting) 

- Fuel use of machinery operations  

- Emissions to air (NH3, CH4, 

particulates) 

- Various LCA databases 

and technology-specific 

emission factors (e.g., EC, 

2010; Saer et al., 2013) 

- Measurement data 

Residue treatment 

(anaerobic digestion) 

- Biogas leakage (CH4) 

- Digestate storage (CH4, NH3) 

- Fossil energy replacement  

- Various LCA databases 

and technology-specific 

emission factors (e.g., 

Jungbluth et al., 2007; 

Misselbrook et al., 2012; 

Rodhe et al., 2015) 

- Measurement data 

Field application Tractor operations Various LCA databases 

- Direct emissions to air (NH3, 

N2O)  

- Nutrient losses to water 

- Indirect emissions to air (N2O) 

- GHG reporting guidelines 

(IPCC, 2006)  

- Nutrient cycling or 

budgeting models (e.g., Li et 

al., 1992; Nicholson et al., 

2013) 

Post field application  Contaminant (e.g., heavy metal) 

leaching 

Measurement data 

Fertilizer replacement values 

(FRV) 

- National fertilizer 

recommendations and 

models, e.g., 

Jordbruksverket (2015) and 

Nicholson et al. (2013) 
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- Soil type, application 

method and local climate 

data may be required  

Avoided chemical fertilizer 

manufacture 

Various LCA databases 

Avoided chemical fertilizer 

application 

- GHG reporting guidelines 

(IPCC, 2006)  

- Nutrient cycling or 

budgeting models (e.g., Li et 

al., 1992; Nicholson et al., 

2013) 

Soil carbon sequestration Soil nutrient and carbon 

cycling models (e.g., 

Björnsson et al. 2013; Li et 

al., 1992; Prade et al., 2014)  

Alternative residue 

fate 

- Landfill 

- Incineration 

- Discharge or wastewater 

treatment (liquid residues) 

- Country-specific data  

- Various LCA databases 

- Waste management LCA 

models (e.g., EASETECH: 

Clavreul et al., 2014) 

 207 

Detailed fertilizer or nutrient budgeting manuals such as Stallgödselkalkylen in Sweden (EC, 208 

2009) and national recommendations for fertilization (Jordbruksverket, 2015) estimate the 209 

fertilizer replacement value (FRV) for various organic residues, sometimes in relation to timing 210 

and technology of application, soil and crop type. A convenient nutrient budgeting tool, 211 

MANNER-NPK (Nicholson et al., 2013), estimates FRV and NH3 and NO3 emissions for a 212 

wide range of organic residues depending on their specific composition, and the timing, 213 

location, method and prevailing weather conditions during application. This tool was used in 214 

the case study presented below (Section 2.1.2).   215 

 216 

2.1.2 LCA case study of decentralized anaerobic digestion and digestate reuse     217 

Goal and scope definition 218 

The environmental balance of two viable farm biogas options in Sweden was assessed using an 219 

expanded-boundary LCA approach and the LCAD EcoScreen tool described in Styles et al. 220 

(2016). The construction and manufacture of buildings and equipment were excluded from the 221 

scope, as is typical for bioenergy carbon footprints (EC, 2009). Results were calculated for four 222 

environmental impact categories based on CML (2010) characterization factors: global 223 

warming potential (GWP) expressed as CO2e, eutrophication potential (EP) expressed as PO4e, 224 

acidification potential (AP) expressed as SO2e, and fossil resource depletion potential (FRDP) 225 

expressed as MJe. For example, GWP factors for CH4 and N2O are 25 and 298, respectively, 226 

for a 100-year time-scale. The analysis was performed with a functional unit of both one year 227 

of plant operation and one Mg of dry matter input to the digesters for each of the substrates 228 

considered.  229 

 230 

The LCAD EcoScreen tool was parameterised as described in Styles et al. (2016) for small-231 

scale anaerobic digestion plants, assuming counterfactual storage of manure and digestate in 232 

open tanks and trailing hose application to fields in accordance with crop nutrient requirements. 233 

Key parameters were updated based on data specific to Swedish farm-scale biogas plants 234 

presented in Ahlberg-Eliasson et al. (2017). 235 
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 236 

Biogas plant typologies   237 

Two farm biogas typologies were evaluated, based on characteristics of existing farm biogas 238 

plants in Sweden described in Ahlberg-Eliasson et al. (2017). The average substrate loading 239 

rate and the average biomethane yield reported for three plants digesting pig slurry were used 240 

to parameterise a “Pig slurry” (P) scenario (Table 2). In addition, substrate loading and 241 

biomethane yields  were derived for a “Pig slurry & organic residues” (PO) scenario based on 242 

volatile solid (VS) inputs from major substrate types across nine pig slurry and organic residue 243 

plants (Ahlberg-Eliasson et al., 2017) (Table 2). 244 

 245 
Table 2. Substrate loading rates and average biomethane yields (± standard error of the mean) 246 

per Mg substrate for the two farm biogas plant typologies considered in this study. FM = Fresh 247 

matter. 248 

Substrate/parameter        Unit Pig slurry (P) Pig slurry & organic 

residues (PO)* 

Pig slurry 

Mg FM yr-1 

10,052 10,927 

Food waste 0 535 

Slaughterhouse waste 0 1,042 

Grass silage 0 185 

    

Biomethane yield m3 Mg-1 FM 10 (±3.3 SEM) 18 (±3.3 SEM) 

*Composition derived from approximate average % VS contributions across nine plants of 

65% pig slurry, 15% food waste, 15% slaughterhouse waste, and 5% grass silage (Ahlberg-

Eliasson et al., 2017). 

 249 

Substrate characteristics were taken from Ahlberg-Eliasson et al. (2017) for pig slurry, and from 250 

Styles et al. (2016) and FNR (2012) for other organic residues (Table 3).   251 

 252 

Table 3. Characteristics of the substrates considered. FM = Fresh matter. 253 

Substrate Total 

solids 

Volatile 

solids 

Norg NH4-N Ntot P K 

 kg Mg-1 FM 

Pig slurry 62 49.6 1.83 2.63 4.47 0.77 2.0 

Food waste 260 234 1.40 5.62 7.02 0.57 2.74 

Slaughterhouse 

waste 

150 120 1.25 1.81 3.06 

1.53 

1.57 

Grass silage 250 225 3.39 1.99 5.38 0.87 5.19 

(Ahlberg-Eliasson et al., 2017)(FNR, 2012) (Styles et al., 2016)  

 254 

It was assumed that food waste and slaughterhouse waste were transported 25 km to the biogas 255 

plant, and would have been sent to incineration with energy recovery in the counterfactual, 256 

whilst grass silage was transported 5 km to be applied to fields, with tractor-trailer transport 257 

emission factors taken from Ecoinvent v3.0 (Weidema et al., 2013). Field emissions were 258 

calculated using  residue-specific FRV and emissions calculated using the MANNER-NPK tool 259 

assuming application rate of 100 kg total N per hectare to a sandy-clay-loam arable soil in 260 

Spring (March 15th). To account for long-term mineralization of organic N, which can 261 

contribute over 30 kg N ha-1 yr-1 (Defra, 2010), it was assumed that 25% of the residual organic 262 

N becomes available for plant uptake. The IPCC (2006) default NO3-N leaching rate of 30% of 263 

applied N was used to reflect the comparatively high leaching loss of N mineralized from 264 

organic residues, which does not become available in synchrony with plant demand. Avoided 265 
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chemical fertilizer manufacture and avoided fertilizer application emissions were accounted for 266 

using fixed field NO3-N and NH3-N emission factors of 0.1 (Styles et al., 2015) and 0.02 267 

(Misselbrook et al., 2012), respectively. The fertilizer types replaced by plant-available N, P 268 

and K were ammonium nitrate, triple superphosphate and potassium chloride, respectively. 269 

Avoided manufacture burdens were taken from Ecoinvent v.3.0 (Weidema et al., 2013).     270 

 271 

To explore the possible magnitude of any SOC accumulation effect associated with RBF 272 

application to land, it was assumed that 13% of the carbon contained in digested residues 273 

remained sequestered in the soil as long-term SOC, assuming a total solids carbon ratio of 0.38 274 

(Bruun et al., 2006). Table 4 summarizes the methods applied to derived inventory data for the 275 

LCA within the LCAD EcoScreen tool (Styles et al., 2016).     276 

 277 

Table 4. Methods applied to calculate activity data, emissions and environmental burdens in 278 

relation to a reference flow of one Mg feedstock dry matter, derived from Styles et al. (2016).      279 

 280 
Process  Method to calculate primary emissions and burdens in relation to 

feedstock inputs 

    
Incurred 

processes 
Grass 

cultivation 
Burdens = Mg DM x grass cultivation burdens assuming mineral 

fertilizer application (Styles et al., 2015b) x 1.11 (10% silage loss). 

   

 Transport Burdens = Mg DM / DM % of wet weight (Table 3) x 5 km/50 km 

for crops/wastes x Ecoinvent v3.1 burdens per tkm for tractor-

trailer/16-32 tonne truck (Table 3). 

   

 Digester 

leakage 
kg CH4 = Mg DM x m3/Mg CH4 yield (Table 2) x 0.67 kg/m3 x 1% 

digester loss (Adams et al., 2015).  

   

 CHP 

combustion 
kg CH4 = Mg DM x m3/Mg CH4 yield (Table 2) x 0.67 kg/m3 – 1% 

digester loss x 0.5% CHP slip.  
AP and EP burdens = MJ CH4 x natural gas CHP burdens from 

Ecoinvent v3.1. 

   

 Digestate 

storage 
kg CH4 = Mg DM x m3/Mg CH4 yield (Table 2) x 0.67 kg/m3 x 4% 

for open tank storage. 
kg NH3-N = Mg DM x total N, kg/Mg x % total N as NH4-N (Table 

3) x 2%/10%/52% for closed tank/open tank/lagoon (Misselbrook et 

al., 2012). 
Indirect N2O-N = NH3-N x 0.01 (IPCC, 2006). 

   

 Digestate 

transport 
Burdens = Mg DM / DM % of wet weight (Table 3) x 5 km (0 for 

manure digestate – transported anyway) x burdens per tkm for 

tractor-trailer from Ecoinvent v3.1. Assumes 1 Mg digestate per 1 

Mg feedstock wet weight.  

   

 Digestate 

application 
kg NH3-N and kg NO3-N = Mg DM x digestate NH4-N (Table 3) – 

storage NH3-N loss (above) x MANNER NPK emission factors 

(Nicholson et al., 2013).   
kg N2O-N = Mg DM x total N, kg/Mg (Table 3) – storage NH3-N loss 

(above) x 0.01 + NH3-N x 0.01 + NO3-N x 0.0075 (IPCC, 2006). 
kg P leached = Mg DM x P content, kg/Mg (Table 3) x 0.01 

(Withers, 2013).  
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Fertiliser replacement credits = Mg DM x nutrient contents, kg/Mg 

(Table 3) – storage NH3-N loss (above) x MANNER NPK 

availability factors (Nicholson et al., 2013) x fertilizer manufacture 

and application credits (described below). 

Soil C sequestration = Mg DM digestate x 0.38 C ratio x 0.13 long-

term sequestration ratio (Bruun et al., 2006). 

   
Avoided 

processes 

(credits) 

Avoided 

manure 

storage 

Avoided kg CH4 = Mg DM x 800 kg/Mg volatile solids x CH4-

producing capacity for manure type (IPCC, 2006) x 0.67 kg/m3 CH4 x 

CH4 conversion factor by system type (IPCC, 2006). 
Avoided kg N2O-N = Mg DM x total N, kg/Mg (Table 3) x storage 

system emission factors (IPCC, 2006).  
Avoided kg NH3-N = Mg DM x total N, kg/Mg (Table 3) x % total N 

as NH4-N (Webb and Misselbrook, 2004) x storage system emission 

factors (Misselbrook et al., 2012).  

   

 Avoided 

manure 

application 

Avoided kg NH3-N and kg NO3-N = Mg DM x total N, kg/Mg (Table 

3) x % total N as NH4-N (Webb and Misselbrook, 2004) x MANNER 

NPK emission factors (Nicholson et al., 2013).  
Avoided kg N2O-N = Mg DM x total N, kg/Mg (Table 3) – storage 

NH3-N loss (above) x 0.01 + NH3-N x 0.01 + NO3-N x 0.0075 (IPCC, 

2006). 
Avoided kg P leached = Mg DM x P content, kg/Mg (Table 3) x 0.01 

(Withers, 2013).  
Avoided fertiliser replacement credits = Mg DM x nutrient contents, 

kg/Mg (Table 3) – storage NH3-N loss (above) x MANNER NPK 

availability factors (Nicholson et al., 2013) x fertilizer manufacture 

and application credits (described below).  

   

 Avoided 

field residue 

decompositi

on 

Avoided emissions, soil C sequestration and fertilizer replacement 

credits. Net credit values in Table 3.  

   

 Avoided 

incineration 

with energy 

recovery  

Avoided burdens = 1 Mg DM animal processing or food waste x 

Ecoinvent v3.1 burdens for incineration, corrected for moisture 

content – credits for avoided natural gas electricity generation. 

   

 Avoided 

marginal 

grid 

electricity 

generation  

Avoided burdens = Mg DM x m3/Mg CH4 yield (Table 3) x 0.67 

kg/m3 – 1% digester loss – 0.5% CHP slip x 50 MJ/kg LHV x CHP 

electricity efficiency (35%) – 6% parasitic load x natural gas 

combined cycle electricity generation burdens per MJ generated from 

Ecoinvent v3.1. 

   

 Avoided 

oil/gas  

heating  

Avoided burdens = Mg DM x m3/Mg CH4 yield (Table 3) x 0.67 

kg/m3 – 1% digester loss – 0.5% CHP slip x 50 MJ/kg LHV x 50% 

CHP heat efficiency x 50% utilization rate x oil/gas heat burdens per 

MJ heat from Ecoinvent v3.1.  

   

 Avoided 

NPK 

fertiliser 

manufacture  

Avoided burdens = Mg DM x nutrient contents, kg/Mg (Table 3) – 

storage NH3-N loss (above) x MANNER NPK availability factors 

(Nicholson et al., 2013) x Ecoinvent v3.1 burdens for ammonium-
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nitrate, triple superphosphate and potassium chloride expressed per 

kg N, P and K.  

   

 Avoided 

NPK 

fertiliser 

application 

Avoided kg NH3-N = avoided fertilizer N application (above) x 0.017 

(Misselbrook et al., 2012).  
Avoided kg N leached = avoided fertilizer N application (above) x 

0.10 (Duffy et al., 2013).  
Avoided kg N2O-N = avoided fertilizer N application (above) x 0.01 

+ NH3-N x 0.01 + NO3-N x 0.0075 (IPCC, 2006). 
Avoided kg P leached = avoided fertilizer P application (above) x 

0.01 (Withers, 2013).  

 281 

2.2 Economic dimension  282 

To assess the techno-economics of handling digestate at the farm level, an economic model was 283 

used to determine the net present value (NPV) (Brundin and Rodhe, 1994; Rodhe et al., 2006). 284 

The NPV of an investment is determined by calculating the present value of the total benefits 285 

and costs by discounting the future value of each cash flow. NPV is used to assess whether a 286 

change in farm management will result in a net profit or loss. The model describes the handling 287 

system and the relationships between soil, crop, technology and the organization that influences 288 

the profitability of different systems for handling digestate on farms. The revenues are 289 

calculated as the sum of nutrients (N, P and K) available to plants. Costs are included for 290 

machinery (spreaders), labour and soil compaction. The costs could be divided into variable 291 

costs (depends mainly on spreading strategy) and fixed costs (annuity costs for the investment). 292 

Costs were subtracted from revenues to give the net present value (Euro Mg-1 yr-1). 293 

 294 

The economics were calculated for handling of raw liquid digestate (2.5% dry matter) and 295 

concentrated solid digestate (25% dry matter) at farm level in Southern Sweden. Average 296 

nutrient contents of the liquid digestate in the region were estimated at 4.8 kg total-N Mg-1, 3.6 297 

kg total ammoniacal N (TAN) Mg -1, 0.4 kg P Mg-1, and 4.2 kg K Mg-1 on a fresh matter basis. 298 

For solid digestate the estimated contents were 10.9 kg total-N Mg-1, 3.2 kg TAN Mg-1, 2.9 kg 299 

P Mg-1, and 3.8 kg K Mg-1. Simulations were also performed with concentrations of +25% and 300 

–25% of the estimated concentrations. The calculations were done with set conditions 301 

prevailing in the region and on the farms concerning crop rotation and soil texture (Rodhe et 302 

al., 2006). Different spreading strategies (2/3rd of the product spread in summer for growing 303 

winter wheat or 2/3rd spread before sowing in autumn), application rates (20 or 30 Mg ha-1) and 304 

application times (early summer or autumn) were calculated for, on top of the different 305 

properties of the residues (low, average or high nutrient content). For the liquid digestate, 306 

trailing hose application was assumed, while the solid digestate was spread using a conventional 307 

solid manure spreader. For the prevailing conditions, storage cost was not included, as the farm 308 

companies did not finance it, nor was the cost for the digestate included as it was freely 309 

available. 310 

 311 

In addition to the above NPV calculations for digestate handling at the farm level, an estimation 312 

of farm-scale biogas plant construction and operating costs, as well as revenues from heat and 313 

electricity generation, and possible gate fees for food and slaughterhouse waste, has been 314 

performed using the NNFCC AD cost calculator (NNFCC, 2013) adapted to Southern Sweden. 315 

These data were used to calculate the internal rate of return (IRR), i.e., the discount rate that 316 

makes the overall NPV equal to 0. A 6% interest rate was applied throughout the economic 317 

modelling where amortisation calculations were required, e.g., for AD capital investment costs. 318 

Farm AD unit capital investment costs were calculated at a fixed cost of € 602 m-3 digester 319 

capacity (capacities calculated according to feedstock mixes using NNFCC model). Fixed 320 
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proportions of capital expenditure were allocated to buildings and machinery, with depreciation 321 

lifetimes of 20 and 10 years, respectively. Capital investments were converted into annual 322 

capital repayments based on loan repayment over building/machinery lifetimes plus accrued 323 

interest at a rate of 6%. Operating and maintenance (O&M) costs were taken from NNFCC 324 

model estimations. AD income from electricity export to grid was valued at € 0.057 kWh-1. 325 

Avoided electricity import was valued at € 0.17 kWh-1. Avoided heating oil is costed at € 326 

0.08/kWh (€ 0.80/L) including all taxes and delivery in Sweden.  327 

 328 

2.3 Social dimension: Stakeholder perception study  329 

An important prerequisite for biogas production is marketing of biofertilizer. In order to secure 330 

future utilization of biofertilizer, it is necessary to understand what drives stakeholders to utilize 331 

the product. To investigate societal acceptance on future utilization of biofertilizer, a 332 

questionnaire on stakeholder perception of the recovered bio-fertilizers was performed in 333 

relation to a planned biogas plant in Southern Sweden. It concerns an interview study among 334 

the eight key stakeholder groups in Southern Sweden. The aim was to map priorities and the 335 

development of biofertilizer policies for different stakeholders who could be affected by biogas 336 

production in the area. The stakeholders were chosen in collaboration with the waste and biogas 337 

company Sysav, located in Scania, Sweden. They include the Swedish Farmers’ Organization, 338 

the Swedish Organic Farmers Organization KRAV, the Organization for Food Certification 339 

Standards (Sigill), Nordic Sugar, the Swedish Farmers Association, the Swedish Waste 340 

Management and Recycling Association (Avfall Sverige), the County Administration Board for 341 

Scania, and Malmö City Environmental Department. The organization Swedish Milk was also 342 

interviewed, but did not have a policy for biofertilizer in place at the time of this study. For 343 

each stakeholder group, the head of the institution was interviewed in person, following an 344 

internal discussion on pre-prepared questions (see Annexe 1) within the respective institution. 345 

The results of the inquiry are hence representative for the entire institution.  346 

  347 

3. Results and Discussion  348 

3.1 Environmental dimension: Life cycle assessment (LCA)   349 

Table 5 summarizes the environmental balance of the two considered farm biogas plant 350 

typologies across the four most important environmental impact categories. Digestion of pig 351 

slurry leads to a considerable reduction in GHG emissions, avoiding almost 858 Mg CO2e per 352 

year, and saves over 3,317 GJe of fossil energy – the latter value being somewhat sensitive to 353 

biomethane yields (Table 5). The largest GHG credit arises from the avoidance of conventional 354 

manure management (slurry storage and spreading) (Figure 2). Eutrophication and acidification 355 

burdens slightly increase (Table 5), largely owing to ammonia emissions from digestate storage 356 

and application being greater than counterfactual emissions from undigested pig slurry storage 357 

and application (Figure 2). Indeed, through anaerobic digestion the ratio of ammonium nitrogen 358 

relative to total nitrogen increases, thereby increasing the potential amount of ammoniac 359 

volatilization (Vaneeckhaute et al., 2013b). More appropriate digestate storage and application 360 

strategies, e.g., storage of digestate in covered tanks and application through injection, could 361 

further improve the overall environmental balance. Finally, the fossil resource depletion 362 

potential is significantly reduced through farm-scale digestion, mainly due to the avoided use 363 

of fossil energy through biogas production and utilisation (Figure 2).  364 

        365 

Table 5. Summary of the environmental balance results for the two farm biogas plant typologies 366 

considered (± % based on standard error around biomethane yields). 367 

Scenario Global warming Eutrophication Acidification Fossil resource 

depletion 
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 kg CO2e yr-1 kg PO4e yr-1 kg SO2e yr-1 MJe yr-1 

Pig slurry (P) -857,523 (±4%) 

 

1,021 (±0.1%) 3,224 (±0.5) -3,317,305 

(±30%) 

 

Pig slurry + 

organic residues 

(PO) -998,503 (±3%) 1,737 (±0.1%) 5,988 (±0.3%) 

-6,029,832 

(±17%) 

 368 

 369 
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 370 
Figure 2. Environmental balance per Mg dry matter for each substrate, for (top to bottom) 371 

global warming potential (GWP), eutrophication potential (EP), acidification potential (AP) 372 

and resource depletion potential (RDP). P = pig slurry scenario; PO = Pig slurry & organic 373 

residues scenario. Processes not directly related to nutrient recycling are indicated with dotted 374 

borders.     375 

 376 

3.2 Economic dimension: NPV and IRR calculations  377 

The net present value (NPV) for the liquid digestate handled using the model described in 378 

Brundin and Rodhe (1994) and Rodhe et al. (2006) was between € -0.48 and € 1.98 Mg-1 yr-1. 379 

The main impacting factors were nutrient content, spreading strategy, application rate and time. 380 

A 25% increase in nutrient concentrations of N, P and K meant an increased value of the liquid 381 

digestate by € 0.85-1.02 Mg-1 yr-1. A higher application rate of the liquid digestate in growing 382 

crops (30 Mg ha-1 compared to 20 Mg ha-1) improved the profitability for each spreading 383 

strategy with about € 0.20-0.60 Mg-1 yr-1. At a rate of 30 Mg ha-1, it was also more profitable 384 
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to spread the main part (2/3) of liquid digestate in the fore season for growing crops than 385 

spreading the main part before sowing in autumn. At a lower rate of 20 Mg ha-1, it was more 386 

profitable to apply most of the digestate before sowing in autumn due to the lower soil 387 

compaction of autumn spreading compared to spreading in spring. 388 

 389 

The average NPV for solid digestate handled was about € 4.55 Mg-1 yr-1. This higher value 390 

compared to liquid digestate can be explained by the higher N and P concentration, the 391 

possibility for autumn spreading with relatively low soil compaction, and the lower investment 392 

costs for the spreader as compared to a slurry spreader. As expected, an operational strategy of 393 

the biogas plant that results in a digestate with higher nutrient concentration improves the value 394 

of the digestate. This can, for example, be achieved through optimization of the co-digestion 395 

mixture or through solid-liquid separation following digestion. 396 

 397 

When also including estimations of farm-scale biogas plant construction and operating costs, 398 

as well as revenues from heat and electricity generation and possibly from gate fees for food 399 

and slaughterhouse waste, the internal rate of return (IRR) after 20 years is about 5.1% for the 400 

P scenario and 23.6% for the PO scenario described in Table 2. A breakdown between profit 401 

and loss is provided in Table 6 as calculated using the NNFCC AD calculator (NNFCC, 2013). 402 

Costs for the PO scenario increase with a factor 1.3 as compared to the P scenario due to the 403 

use of an energy feedstock (grass silage). Nevertheless, revenues are almost tripled due to the 404 

higher biogas production of the organic waste feedstock as compared to pig manure, on top of 405 

the considered gate fees for food waste and slaughterhouse waste. As observed in other studies 406 

(e.g., Jhong-Hwa et al., 2006, Ossiansson and Lidholm, 2008), it can be stated that mono-407 

digestion of pig manure is not feasible from an economic point of view due to the low biogas 408 

potential of the feedstock. However, decentralized co-digestion of animal manure with organic 409 

wastes seems viable based on the results. Additional governmental support for small-scale AD 410 

plants should be provided to leverage the GHG and nutrient cycling benefits. For example, 411 

when considering a revenue of € 15 per ton of saved CO2e emissions, the yearly income for the 412 

P and the PO scenario would increase with k€ 12.9 and k€ 15.0, respectively, resulting in an 413 

IRR of 7.5% and 25.5%, respectively.  414 

 415 

Table 6. Breakdown between profit and loss (euro) for the P (pig manure) and the PO (pig 416 

manure + organic residues) scenario calculated using the NNFCC AD calculator (NNFCC, 417 

2013).  418 
 419 

Profit and Loss P (k€) PO (k€)) 

This is the P&L with 50% Finance repaid     

Income     

Electricity 45.4 143 

Heat 16.0 50.6 

Fertiliser Value 24.7 33.6 

Gate Fees 0 17.9 

Total Income 86.1 245 

      

Costs     

Energy Feedstock 0 5.25 

Power inc Capital Repayment 49.1 62.1 

General overheads 0 0 

Land, building 0 0 
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Interest Payment 18.1 21.1 

     
Total Costs 67.2 88.5 

     
Profit/Loss 19.0 156 

 420 

3.3 Social dimension: Stakeholder perception study    421 

The interviews showed that 4 out of the 8 stakeholder groups had a policy in place regarding 422 

biofertilizers, among which one organization, the Swedish Organic Farmers Organization 423 

KRAV, had criteria for the use of biofertilizers within the certification for organic farming 424 

(Gunnarsson, 2012). All 8 stakeholder groups predicted a bright future for biofertilizers, but 425 

quality assurance and technological developments to concentrate mineral nutrients in the 426 

biofertilizers were expected to be crucial to enable biofertilizers to compete with traditional 427 

mineral nutrients, synthetically manufactured. The transport distance from the biogas plant to 428 

the agricultural fields where the products can be applied, was also pointed out as a crucial point 429 

of attention (Gunnarsson, 2012).   430 

 431 

All stakeholders were positive to using biofertilizers, with 3 out of the 8 stakeholder groups 432 

stating that it was under the condition that the biofertilizer was certified. A certification is in 433 

place, which was developed by the Swedish Technological Research Institute in 1996-1999 434 

(Sveriges Tekniska Forskningsinstitut, 2010). 7 out of the 8 stakeholder groups mentioned that 435 

the use of biofertilizers returns nutrients to agricultural fields and this was seen as positive. 436 

There were, however, very different opinions on whose responsibility it is to return nutrients to 437 

the soil, ranging from trade organizations, biogas producers, society or the government. 438 

 439 

It was important for all stakeholders to know the origin of the substrates of the biofertilizer, 440 

apart from one stakeholder organization who concluded that substrates were approved as long 441 

as they were not in excess of the limits set for heavy metals. 4 out of the 8 stakeholder groups 442 

expressed awareness of risks for soil contamination with pathogens and heavy metals, and this 443 

was pointed out as a key issue in order to guarantee safe products to their customers. 444 

 445 

2 out of the 8 stakeholder groups replied that it was important to specify on which crop the 446 

biofertilizer can be deposited. All stakeholders, however, regarded biofertilizers as a valuable 447 

product rather than a waste residue.  448 

 449 

3.4 Research limitations and recommendations  450 

From the expanded boundary LCA analysis performed in this study, it is clear that digestate 451 

storage and application, fertilizer replacement and soil organic carbon effects, as well as effects 452 

related to the avoided manure management (storage + application), are the most important 453 

factors influencing the overall environmental balance. Future LCA studies on recycling of 454 

biofertilizers should therefore attempt to account for these factors in an accurate way. The LCA 455 

framework presented in this study provides guidance for future studies to be more comparable 456 

and compatible. Residue-specific data on humification coefficients to accurately represent soil 457 

organic carbon effects are lacking and need to be investigated in more detail. Upon 458 

implementation of farm-scale anaerobic digestion, attention should be given to appropriate 459 

storage and application strategies for the respective digestate in order to minimize nutrient 460 

emissions. 461 

 462 
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Overall, an important issue for performing a multi-dimensional sustainability assessment is the 463 

wide variation of data, such as feedstock characteristics and environmental conditions, over 464 

space and time. Therefore, research on the development of a spatiotemporal and multi-465 

dimensional decision-support simulation tool, including a geographical information system 466 

coupled to advanced dynamic mathematical process models, for holistic optimization of organic 467 

waste valorization chains is currently ongoing (Vaneeckhaute et al., 2017).  468 

 469 

Finally, although this paper shows that the environmental and economic impacts, as well as the 470 

social perception of digestate recycling in agricultural regions is favourable,  harmonization of 471 

the European Fertilizer Regulation (currently under revision so as the facilitate the marketing 472 

and application of digestates) with other regulations, such as the European chemical regulation 473 

(REACH, 2007), the Animal By-Products Directive (EC,  2002), the Nitrates Directive (EC, 474 

1991) and the Waste Framework Directive (EC, 2008) will be required before effective 475 

marketing and use of bio-based fertilizers in the European Union will be possible. 476 

  477 

4. Conclusions  478 

• The overall environmental balance of farm-scale anaerobic digestion in Southern Sweden 479 

is favorable. Digestate storage and application strategies, fertilizer replacement and soil 480 

organic carbon effects, as well as counterfactual effects from the avoided conventional 481 

manure management are important factors that should be accounted for in future LCA 482 

studies.  483 

• The net present value of digestate handling at farm-scale can be positive. The main 484 

impacting factors are digestate nutrient content, spreading strategy, application rate and 485 

time.  486 

• The internal rate of return of decentralized AD and digestate handling after 20 years is about 487 

5.1% for mono-digestion of pig manure and 23.6% for co-digestion of pig manure with 488 

local organic residues in Southern Sweden. Additional governmental support for small-489 

scale AD plants should be provided to leverage the GHG and nutrient cycling benefits. 490 

• Stakeholder perception on the use of recycled products in agriculture is positive for the case 491 

of Southern Sweden. A key issue for all stakeholders is quality assurance.  492 
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