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Abstract 13 

Life cycle assessment (LCA) modelling of resource-related technologies can be challenging in the 14 

context of circular economy, bioeconomy, recycling and integrated waste management, where 15 

materials are recirculated within processes and undergo chemical-physical transformations. This 16 

implies redefinition of physical flows within the LCA model. Additionally, physical flows may 17 

have non-linear responses to changes in model parameters and background processes, involve 18 

activities such as extraction of materials and chemical substances, and directly affect emissions. 19 

However, these non-linear responses and links between physical flows within technologies are 20 

often neglected. In this study, four novel LCA modelling features are provided: i) mixing and/or 21 

redefinition of physical flows; ii) substance recirculation within physical flows; iii) integration of 22 

physical flows from background processes into foreground processes; and iv) (multi)-conditional 23 



sequence flows, while maintaining substance and material balances throughout the system. As an 24 

expansion of EASETECH, an existing user-friendly LCA software tool for modelling of 25 

environmental technologies, a “process editor” (EASETECH+) allows implementation of these 26 

four features into EASETECH. The modelling features are implemented into EASETECH as seven 27 

individual processes “modules” and applied in an illustrative case-study focusing on anaerobic 28 

digestion of source-segregated organic household waste. The case-study demonstrated that the new 29 

modelling approach for physical flows, including recirculation, links between flows from 30 

background to foreground processes and conditional flows, considerably affected both results and 31 

interpretation of the LCA modelling. The recommendation is that process-oriented LCA modelling 32 

as presented here can provide critical new insight into the environmental performance of waste 33 

technologies and systems. 34 
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1 Introduction 38 

The world is facing a wide range of challenges associated with anthropogenic activities, socio-39 

economic growth, urbanisation and industrialisation. Resource consumption and limited access to 40 

resources have led to competition among individual economic sectors, and environmental impacts 41 

(IPCC, 2018; Olhoff et al., 2018; World Bank, 2019, 2020). To mitigate future climate shocks, 42 

improve resource efficiency in society and minimise environmental impacts from urban activities, 43 

complex decisions involving a wide range of resource-oriented technologies are required (e.g. 44 

Beatriz et al., 2019; Capizzi et al., 2019). Circular economy initiatives often involve the recycling 45 

of various waste materials; biotechnologies are examples of such processes often involving several 46 

steps associated with physical material flows (Vanhamäki et al., 2020). While new technologies 47 

create opportunities for more efficient resource management (Böckin et al., 2020), technology 48 

performance depends on framework conditions, process configurations and technology 49 

implementations. Without the ability to analyse individual technologies and processes into smaller 50 

units, in order to model the environmental performance of these units, and subsequently to 51 

integrate the processes into a full system, decisions may be based on limited insights into process 52 

dependencies and the importance of technology parameters, aligned with inappropriate modelling. 53 

Ultimately, this may lead to unintended increases in environmental emissions and the 54 

implementation of technologies that do not provide the promised contributions to sustainability 55 

(UN, 2019; UNEP, 2018). As such, robust and flexible modelling tools are needed, to ensure 56 

appropriate environmental assessments of circular and resource-oriented technologies. 57 

LCA is a standardised methodology for quantifying and analysing the full life cycle of products, 58 

technologies, systems and services (ISO, 2006a, 2006b; EC-JRC, 2010a, 2010b), and it can 59 

provide decision support for identifying preferred options in terms of environmental consequences 60 



across a wide range of impact types. As such, LCA modelling tools handle and edit large amounts 61 

of data about processes, materials, products, etc. (Cooper et al., 2013). A range of different LCA 62 

softwares exist, some of which are sector-specific, such as GREET (2021) (Greenhouse gases 63 

Regulated Emission and Energy use in Transportation) for transportation, while others are more 64 

generic, such as Umberto NXT LCA (2021), SimaPro (2021) and openLCA (2021). Similar 65 

considerations apply to associated life cycle inventory (LCI) databases, which may be general (e.g. 66 

Ecoinvent, 2021) or more specific (e.g. Agri-footprint, 2021). These software tools and databases 67 

involve different modelling approaches. In Gentil et al. (2010), eight waste LCA models were 68 

identified based on selection criteria, before being reviewed and compared. The authors concluded 69 

that input/output data, parameters and assumptions explained the main differences in their results, 70 

leading to a need to quantify and prioritise key parameters, to validate and ensure consistency 71 

across LCA studies and models. However, LCAs of specific technologies typically build on 72 

available studies for similar technologies and processes, and then adapt these existing models to 73 

suit the concrete case-study. This means that technology data, performance assumptions and 74 

parameters may not appropriately represent the new technology in question (Henriksen et al., 75 

2018), which results not only in loss of information, but also the need for a more process-oriented 76 

LCA modelling approach for individual technologies and technology systems with input-output 77 

relationships – as suggested by Lodato et al. (2020). Such relationships can be linear or non-linear 78 

(e.g. linear regression and logarithm, respectively) and are necessary for process modelling where 79 

simple mass balances are not sufficient (Unger et al., 2009). In addition, parametrisation increases 80 

the transparency, representativeness and wider applicability of process models by creating process 81 

templates that can be adapted to specific cases, simply by changing the values of individual 82 

parameters (Cooper at al., 2012). However, this places demands on both the inventory data and 83 



the LCA model structure (Kuczenski et al., 2018). The extension of process simulation such as 84 

Aspen (ASPEN, 2021) to life cycle impact assessment (LCIA) can be observed in literature (e.g. 85 

Brunet et al., 2012; Han et al., 2019). The use of process simulation tools can provide more robust 86 

models when implemented in LCA software, however, this requires expertise in another software 87 

and lose the advantages of being able to follow, control and calculate the physical flows (LCI and 88 

LCIA) within the LCA modelling platform itself. Traditional LCA modelling tools are not able to 89 

redefine and mix physical flows, recirculate material within a process or processes, or link physical 90 

flows from background processes to the foreground system and include effects from non-linear 91 

changes in parameters. To further expand and improve our options for modelling of integrated 92 

waste management technologies and solutions with relevance for circular resource systems, such 93 

as circular economy, bioeconomy, etc. new approaches are needed in existing waste LCA 94 

modelling. Otherwise, we risk implementing new technologies and systems based on unjustified 95 

assumptions of environmental performance and importance of the physical flows in the involved 96 

processes. 97 

On this basis, we implement the process-oriented modelling principles from Lodato et al. (2020) 98 

within LCA modelling of waste management technologies, thereby expanding the capabilities of 99 

the existing EASETECH model. This is done with focus on four key modelling features: i) mixing 100 

and/or redefining physical flows; ii) substance recirculation within physical flows; iii) links 101 

between physical flows from background processes and foreground processes and iv) (multi)-102 

conditional sequence flows. All while maintaining substance and material balances throughout the 103 

processes and system. We implement seven processes into EASETECH with these four novel 104 

features and demonstrate applicability via an anaerobic digestion case-study. Based on the results, 105 



we evaluate the importance of these new processes and discuss implications for future LCA 106 

modelling. 107 

 108 

2 Materials and methods  109 

 110 

2.1 Expansion of EASETECH 111 

EASETECH+ represents an “editor” and expansion of the existing LCA software EASETECH 112 

(Clavreul et al., 2014), which so far has allowed for modelling of technologies by using specific 113 

process “templates” (e.g. splitting mass and substance flows, adding background processes, 114 

utilising specific modules for landfill and anaerobic digestion, etc.) alongside linear relationships. 115 

These process templates were found in the EASETECH library and could be used and adapted to 116 

specific LCA scenarios. However, they were limited to the operations envisioned when 117 

EASETECH was originally developed (Clavreul et al., 2014). Moreover, in EASETECH, the only 118 

way to add new modelling features in the form of new process templates was to change the 119 

software’s source code, which required recompiling and redistributing the full software package 120 

(Zarrin et al., 2014). The situation made it impossible for an LCA practitioner to add new processes 121 

and represented a barrier for expanding the applicability of the models. Accordingly, there was a 122 

need for a new supporting tool, EASETECH+, which would allow users to establish new 123 

technology models and to implement these as new process templates in EASETECH, without the 124 

need for recompiling and redistributing the software itself. While EASETECH only had linear 125 

flow relationships, EASETECH+ now enables both linear and non-linear flows. In addition, 126 

multiple “if functions” with conditions, herein called “(multi-)conditional-sequence flows,” are 127 

allowed by following conditional process modelling (Hayes and Preacher, 2013), whereby the 128 



process pathways are dependent on the outcome of other processes or calculations involving 129 

variables and parameters. In a conditional-sequence flow, the sequence defines the flow, i.e. which 130 

calculation steps are performed before others. This involves parameters and constraints specific to 131 

the case under assessment. While parameters depend on the process itself, particularly if they affect 132 

the mass/energy balance, constraints define the “pathway” (or flow) that is enabled or disabled 133 

during process execution. Methane measured in a biogas plant, as one example of a parameter, 134 

refers to an anaerobic digestion (AD) process and accounts for biogas production. The amount of 135 

water that needs to be added to the AD process is an example of a constraint, which depends on 136 

the water content of the feedstock compared with the water required in a wet AD. Constraints can 137 

be linked to “if functions” to define the flow enabled within the AD. 138 

The “output” of EASETECH+ is a process template with linear and/or non-linear input-output 139 

relationships, which may then subsequently be implemented into EASETECH and used in LCA 140 

scenarios. In EASETECH+, a dynamic-link library (.dll file) is generated, thus allowing for further 141 

distribution to other users as an EASETECH process template. 142 

 143 

2.2 Introduction to EASETECH+ 144 

Modelling in EASETECH+ starts with a “white canvas” on which users can “draw” process flows 145 

with the level of detail needed according to the available information (e.g. technology 146 

configuration) and the requirements of the study (e.g. at the technology level involving more 147 

details, or at the system level with fewer details but a wider perspective of the assessment). The 148 

modelling approach encourage users to ensure that mass and energy balance principles of material 149 

flow analysis (MFA) are followed. In EASETECH, three macro levels represent the nature of 150 

components in a flow: substances, fractions and materials (Lodato et al., 2020). Substances are the 151 



biochemical (representing the elements of the organic fraction, i.e. organic molecules, such as 152 

cellulose), physical (e.g. ash content), nutritional (e.g. digestible energy, expressing the level of a 153 

biomass to be digested by animals) and chemical (e.g. aluminum, calcium, iron) properties of a 154 

fraction. Fractions are “entities that share common characteristics, i.e. substances” (Lodato et al., 155 

2020), and one or more fractions defines a material; for example, municipal solid waste is a 156 

material, and its fractions can be vegetable food waste, magazines, plastic bottles, etc. The process 157 

flow needs to be clearly identified and defined, i.e. units expressed, parameters defined and input-158 

output relationships documented for reliability and transparency. The modelling can be based 159 

either on theoretical calculations or on results from experiments, i.e. empirical values, or a 160 

combination of both.  161 

The modelling in EASETECH+ begins with the input characteristic, defined by its material, 162 

fractions and substances (Input 1, Figure 1) in kgww, kgTS, m3, MJ, etc. (where ww is wet weight 163 

and TS is total solid or dry matter, DM). Then, each substance within each fraction of a material 164 

in the input is tracked via individual material flows, represented by arrows linking input(s)-165 

process-output(s). Material flows follow a sequence determined by the process configuration, from 166 

the execution of the first component until the last, ending the modelling with the final process 167 

output(s). The modelling allows for (multi-)conditional-sequence flows: by including a condition 168 

on an ongoing flow, the model evaluates the condition and continues only if this condition is met. 169 

If a process is parametrised, multiple conditions are possible with parameters, e.g. “if X>Y then 170 

B, else C.” This helps facilitate different calculation pathways, depending on the type of input data 171 

available, such as in Figure 1, where parameter 1 equals zero, i.e. parameter1==0, the flow on 172 

the left is enabled and the flow on the right (the one with the condition parameter1>0) is disabled. 173 

Additionally, iterative operations can be implemented to enable the repetition of transitions and 174 



transformations for a defined number of times. Transitions may be iterated to repetitively transfer 175 

a material, a fraction or a substance from a source to a target component in a flow. Transformations 176 

may be iterated to repeat the generation of a material, a fraction or a substance within a specific 177 

flow. Generation means creating and adding a material, fraction or substance to the flow. Two 178 

different types of iterations can be implemented: i) min/max iterations, when the number of 179 

iterations are specified within a minimum and maximum value, and ii) loop iterations, when a 180 

sequence of statements is specified once but may be executed several times in succession. Finally, 181 

the loop is closed once the condition is met. In Figure 1, “Feedback Output 1” contains a condition 182 

that produces a loop; it stops once a substance concentration, “SubC”, is greater than 10. The 183 

example in Figure 1 is only for illustrative purposes (see Zarrin, 2017, for further details). 184 

 185 
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Figure 1: Example of the EASETECH+ modelling framework, e.g. (multi-)conditional-sequence 212 

flows 213 

 214 

2.3 New modelling features 215 

Based on the principles for process-oriented LCA modelling provided by Lodato et al. (2020), the 216 

EASETECH+ editor (Zarrin et al. 2015, 2017, 2018a,b), and a range of new functions (see Section 217 

S4, Supplementary material A for details), four novel modelling features as described in the 218 

following are provided in EASTECH.  219 
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The first feature is mixing and/or redefining physical flows. The composition of the mixed 220 

fraction is determined by all included fractions. This feature is crucial for heterogeneous materials, 221 

such as municipal solid waste, which have associated different fractions. Some can be separated 222 

for further treatments, producing new fractions based on the properties of the one in the input and 223 

the operational conditions of the treatment facility. Redefining physical flows helps track material 224 

properties throughout a process, including their contribution to the generation of other or new 225 

material properties in respect of the mass balance.  226 

The second feature includes substance recirculation within physical flows. Substance 227 

recirculation can be integrated into the same process or be one among a number of different 228 

interconnected processes. The importance of substance recirculation increases in circular systems, 229 

where the quality of physical flows depends on the substances recirculated. In addition, substance 230 

recirculation can have benefits such as reducing the amount of virgin material used. 231 

The third feature includes the link between physical flows from background processes and 232 

foreground processes. In EASETECH, the link between the dataset of emissions and resources 233 

from early extraction and processing to the final product needed in a model (i.e. “external 234 

processes”) and background processes to foreground processes is provided through parameters or 235 

constants. However, physical flows from background processes are not currently included in 236 

foreground processes in EASETECH. In most cases, however, this can be overcome by adjusting 237 

the consumption of subsequent processes accordingly (e.g. transport, where it is necessary to adjust 238 

emissions, including the transport distance). Nevertheless, when inputs of physical flows depend 239 

on the material properties and performance of foreground processes, these physical flows are not 240 

constant. Consequently, it is more robust and transparent to establish input-output relationships in 241 

foreground processes including physical flows and make this link, which can be non-linear. For 242 



example, when the TS content needs to be adjusted from 10% to 5%, some water needs to be 243 

added; this has an associated cost that needs to be accounted for in the background system. In 244 

waste management systems, physical flows of waste and residual resources face different 245 

transitions into energy or other materials/products. When these transitions are established, it is 246 

possible to associate non-linear emissions in the background processes and to quantify emissions, 247 

which are generally not considered.  248 

The fourth feature involves (multi)-conditional sequence flows, while maintaining substance 249 

and material balances throughout the process. Conditions can enable or disable some flows 250 

based on available data, material properties (e.g. if we have data on either the biochemical or 251 

physical properties of the feedstock) and process parameters (e.g. methane measured in a biogas 252 

plant), and by using them, we can compare substances within a process and redefine the physical 253 

flow. We can have a condition only when we have a physical flow with a material, fraction or 254 

substance transition from one point of the flow to another.  255 

In addition to these four main features, when physical flows have associated parameters, it is 256 

possible to have sensitivity and uncertainty assessments via data distributions. When imported in 257 

EASETECH, EASETECH+ parameters are made available alongside other parameters in 258 

EASETECH. The parameters can then be assigned one of four different distributions (normal, 259 

uniform, log normal and triangular) when used for Monte Carlo simulation. For each iteration of 260 

the Monte Carlo simulation in EASETECH, a value is randomly chosen for each parameter based 261 

on the distribution assigned to that parameter. The results are then calculated as usual, using 262 

arithmetic operators such as addition, subtraction, exponentiation, etc. The result is a set of values 263 

(one for each iteration of the Monte Carlo simulation) for which the mean, deviation and variance 264 

are shown. 265 



 266 

2.4 Case study 267 

The case study investigated the environmental impacts of managing one tonne (wet basis) of 268 

source-separated organic household waste (SSHOW) through pulping, with water pre-treatment 269 

prior to anaerobic digestion (AD), including the management of rejects. The process flow diagram 270 

of the case study presented herein is showed in Figure 2. For this case study, pulping with water 271 

pre-treatment is based on Naroznova et al. (2016). SSHOW has mainly organic fractions and a few 272 

impurities (non-biodegradable, such as hard plastic and textiles). Outputs of pre-treatment are i) 273 

raw pulp, with high water content, ii) rejects, mainly impurities, and iii) rejected washing water, 274 

the latter of which is recirculated into the process and contributes to the water input for pre-275 

treatment. Assuming that the AD plant is in a different place than the plant for pre-treatment, a 276 

dewatering process is required prior to transportation. Therefore, raw pulp undergoes dewatering, 277 

and biopulp is produced with a water content of 16.5%. Water from raw pulp is recirculated into 278 

pulping pre-treatment and contributes to the water in input. Consequently, biopulp is transported 279 

to an AD plant, where its water content is again adjusted to meet the requirements of the plant, e.g. 280 

90% of total wet weight. In addition, another dewatering process is applied when digestate is used 281 

on land and transported from the AD plant to the fields. Water from dewatering digestate is further 282 

recirculated within the AD. In addition, rejects from pulping with water pre-treatment are 283 

transported to a combined heat and power (CHP) plant for electricity and heat production. Biogas 284 

is also used in a CHP for electricity and heat production. 285 



 286 

Figure 2: Process flow diagram of the LCA scenario. Blue arrows refer to water flows. Circles are 287 

for output products. Squares are for processes. Dashed squares are for energy and material 288 

substitution (avoided production). 289 

 290 

2.4.1 LCA modelling 291 

The primary goal with the LCA was to demonstrate the implementation of the novel four modelling 292 

features in EASETECH and illustrate potential learning that could be achieved on this basis. From 293 

this perspective, the assessment focused on a single anaerobic digestion scenario without the range 294 

of scenario alternatives and evaluation of inventory data that would otherwise be part of an LCA 295 

(see Hamelin et al. 2014, Negro et al., 2017; Tonini et al. 2017). The case-study was primarily 296 

intended for evaluation of the four modelling features previously described: the importance of 297 

physical flows, including material recirculation, from background processes to environmental 298 

results, and the link with other technology types. 299 

The environmental assessment was performed by following ISO standards for a life cycle 300 

assessment (ISO, 2006a, 2006b). The temporal scope of the study was 2015-2030, while the 301 

geographical scope was Denmark. The functional unit was “the management of one ton (wet basis) 302 
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of source-separated organic household waste (SSOHW).” A consequential approach was applied, 303 

using marginal market datasets (Weidema, 2003; Weidema et al. 2009; Ekvall 2019). Throughout 304 

the study, whenever electricity was produced, we assumed that it substituted for Danish marginal 305 

electricity, calculated for the period 2015-2030 and based on the GECO2018 dataset (Keramidas 306 

et al. 2018). Residential heat used in production was modelled as marginal Danish process heat for 307 

the period 2015-2030, based on the report “Mapping and analyses of the current and future (2020-308 

2030) heating/cooling fuel deployment (fossil/renewables)” (Fleiter et al. 2017). The use on land 309 

of digestate was assumed to displace marginal mineral fertilisers, and the substitution factor for N 310 

was 48%, while for P and K it was 50% and 80%, respectively (Evangelisti et al. 2014). 311 

The background life cycle inventory data was based on the consequential ecoinvent v3.7.1 system 312 

(Wernet et al. 2016), and the life cycle impact assessment was performed by employing the 313 

ReCiPe2016 method (Huijbregts et al. 2016), considering all the midpoint impact categories it 314 

encompasses. For practical reasons and to illustrate effects on LCA results, eight of the impact 315 

categories were discussed in Section 3. Results, while the remaining results were provided in the 316 

Supplementary Materials. We parametrised the model, giving an uncertainty distribution to 80 317 

parameters (Section S7, Supplementary materials A), and propagated this uncertainty with a Monte 318 

Carlo analysis with 10,000 iterations. The analytical propagation (Bisinella et al. 2016) was 319 

assessed to identify the parameters making the highest contribution to overall uncertainty. 320 

 321 

2.4.2 New modelling features in the seven processes of the case study 322 

We implemented the four main features introduced in Section 2.3 in seven processes in 323 

EASETECH, for subsequent application in the case-study (Figure 3). These seven processes can 324 

reproduce technologies and support modelling, thus facilitating calculations without generating 325 



new substances. Therefore, the processes that can be implemented into EASETECH can be 326 

organized by three categories: i) redefining physical flows, ii) support modelling and iii) 327 

technologies. In the following, we present these seven processes along with the associated category 328 

and the modelling features (Sections S10-S16, Supplementary material B). 329 

 330 

Figure 3: Seven processes implemented into EASETECH, categorised into three types: i) in blue, 331 

redefining physical flows, ii) in orange, modelling support, and iii) technologies. 332 
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2.4.2.1 Pulping with water pre-treatment 334 

Pulping with water pre-treatment was the selected technology for pre-treating SSOHW prior to 335 

AD. This pre-treatment is necessary in order to separate impurities from the organic fraction, with 336 

the latter subsequently used in AD. Pulping with water pre-treatment involves several units: i) a 337 

pulper, which is a vertical tank where the waste is mixed with water, ii) a separator, which separates 338 

raw pulp (mainly organics) from reject (mainly inorganics), and iii) a dewatering unit, which 339 

adjusts total solid (TS) content to meet the specifications necessary to classify it as biopulp before 340 

being transported to the biogas plant. In addition, water from dewatering the raw pulp can be 341 
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collected in a buffer tank and then reused in the next cycle. In Naroznova et al. (2016), a detailed 342 

description of pulping with water technology is provided, and we based our modelling of this 343 

process on it. More details on the modelling calculations can be found in Section S13, 344 

Supplementary material B. Through the process, we redefine physical flows, for example raw pulp 345 

flow, reject flow and biopulp flow, and we recirculate water from dewatering the biopulp to the 346 

input. We also quantify how much clean water was added to the input when water from the raw 347 

pulp dewatering was not enough. 348 

 349 

2.4.2.2 Quantification of LHV  350 

The identification of the lower heating value (LHV) is an example of establishing a new substance 351 

of one or more fractions and materials based on other substances of physical flows. SSOHW 352 

fractions, in terms of materials, are made up mainly of vegetable food waste (51%_ww), animal 353 

food waste (16%_ww), paper and carton containers (8%_ww) and impurities such as hard plastic 354 

(0.37%_ww), clear glass (0.13%_ww) and metals (0.13%_ww) (the full composition is in Section 355 

S6.1, Supplementary material A). Each fraction has an associated energy content measured in MJ, 356 

and a TS content in kg. When we quantify LHV, we divide the energy content of each fraction by 357 

the TS content. On this basis, we implement into EASETECH the process “quantification of 358 

LHV”. Modelling of “quantification of LHV” can be found in Section S10 of Supplementary 359 

material B. 360 

 361 

2.4.2.3 Quantification of energy content 362 

When SSOHW is subjected to pulping with water pre-treatment, fractions are separated between 363 

the biopulp and the reject. Therefore, substances in each fraction also undergo this separation, with 364 



associated transfer coefficients (Section S12, Supplementary material B), for example for TS. This 365 

process quantifies energy content based on the LHV of each fraction, which needs to be previously 366 

quantified, and knowing TS content after being separated along with any rejects. This process is 367 

used for redefining physical flows.  368 

 369 

2.4.2.4 Mixing 370 

Mixing is an example of process used for modelling support. After pulping, the physical flow is 371 

separated into biopulp, reject, raw pulp, and reject washing water. The first two, biopulp and reject 372 

can be determined by considering the contribution of the TS content of each fraction within the 373 

SSOHW, such as vegetable food waste, yard waste. While, raw pulp and reject washing water are 374 

determined considering, for example, the TS content of only biopulp, as single fraction. To eneble 375 

to have biopulp and reject as single fraction, all substances for each fraction of SSOHW in biopulp 376 

and in reject are summed. Modelling of “mixing” can be found in Section S11 of Supplementary 377 

material B. 378 

 379 

2.4.2.5 Adding water 380 

This process is used before the AD where water from dewatering of digestate can be recirculated 381 

within the AD to adjust the water content in input of the AD of a specific amount (% of input wet 382 

weight). When assessing the amount of extra water required, we have three scenarios: i) Water 383 

needed is lower than water from dewatering, and thus only water from dewatering is used, and the 384 

extra water is left in a buffer tank; ii) water needed is greater than water from dewatering, and thus 385 

water from dewatering is fully used and some clean water is added; iii) water from dewatering is 386 

the same as water needed, in which case only water from dewatering is used, with no extra water 387 



left in the tank. When we compare water needed with water from dewatering digestate, we find 388 

(multi)-conditional sequence flows via three “if-functions,” one for each case. In addition, when 389 

water from dewatering is used when adding water, water recirculation occurs between 390 

interconnected processes. Lastly, when we assign an emission cost to the added clean water, we 391 

make the link from background processes to foreground processes. Modelling of “adding water” 392 

can be found in Section S14 of Supplementary material B. 393 

 394 

2.4.2.6 Anaerobic digestion 395 

AD converts the anaerobically degradable fraction of the feedstock into biogas, while the non-396 

degradable fraction is converted into digestate. In this respect, in EASETECH, the feedstock (i.e. 397 

material fraction) generates two flows, namely one for the biogas and one for the digestate. The 398 

AD model follows different pathways according to the data available and the material transition 399 

and transformation, due to the configuration of the process itself. Therefore, from the input 400 

material we can enable a physical flow that considers C, H, O, N and S content as inputs, or another 401 

physical flow that considers biochemical properties (e.g. cellulose, hemicellulose) as inputs. In 402 

EASETECH, both flows are implemented in the same process; the calculation sequence enabled 403 

depends on what input data the user defines. 404 

In the description of the AD process, we simplify the explanation of its modelling and identify two 405 

sub-areas: one for gas production, “gas-flow”, and one for digestate production, “digestate-flow”. 406 

A detailed description of this process, and the modelling associated with it, can be found in Section 407 

S15, Supplementary material A. (Multi)-conditional sequence flows persist throughout the entire 408 

process and enable and disable flows based on parameters. 409 

 410 



2.4.2.7 Dewatering of digestate 411 

The water content of the digestate is adjusted considering the water content needed for the AD, 412 

given as parameter (in %). Water removed when dewatering the digestate is assumed to be 413 

recirculated in AD, when it is needed (see Section 2.4.2.5). This process allows for substance 414 

recirculation within physical flows and interconnected processes. Modelling of “dewatering of 415 

digestate” can be found in Section S16 of Supplementary material B. 416 

 417 

3 Results 418 

Figure 4 presents characterised LCA results for eight selected impact categories to provide 419 

overview of the processes contributing to net result and subsequently identify importance of 420 

individual parameters to the uncertainty of the overall results. Full results are provided in Section 421 

S8 of Supplementary material A.  422 



 423 

Figure 4: Characterised results for eight impact categories, to identify process hotspots. 424 
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In general for six impact categories the hotspot process was use on land, contributing 0.10 kg 426 

PM2.5eq·tww
-1 to fine particulate matter formation, 0.85 kg SO2eq·tww

-1 to terrestrial acidification, 427 

0.65·10-2 kg Peq·tww
-1 to freshwater eutrophication, 0.65 kg Neq·tww

-1 to marine eutrophication, 428 

0.20·10-2 kg CFC11eq·tww
-1 for ozone depletion and 0.12 kg 1,4DCBeq·tww

-1 to freshwater eco-429 

toxicity. In addition, in terms of climate change, gas production and combustion made relevant 430 

contributions to emissions (65, and 52 kg CO2eq·tww
-1, respectively). For ionising radiation and 431 

freshwater eco-toxicity, transport represented a relevant contribution (0.16 kBq Co60eq tww
-1 and 432 

0.05 kg 1,4DCBeq·tww
-1, respectively). For fine particulate matter formation and terrestrial 433 

acidification, we have savings only from energy substitution (-0.15 kg PM2.5eq·tww
-1 and -0.33 kg 434 

SO2eq·tww
-1), for freshwater eutrophication, marine eutrophication, ozone depletion we have 435 

savings mainly from material substitution (-0.69·10-2 kg Peq·tww
-1, -0.11·kg Neq·tww

-1, -0.16·10-2 kg 436 

CFC11eq·tww
-1, respectively). The level of results is comparable with other studies involving 437 

anaerobic digestion (Hamelin et al., 2014; Tonini et al., 2016).  438 

To visualise model responses to variations in physical flows, we ranked the parameters resulting 439 

from the analytical uncertainty used in the model (Section S9, Supplementary materials A), as it 440 

was important to identify the processes where these parameters were used (Figure 4). While for 441 

some impact categories one parameter was enough to contribute to total uncertainty (e.g. marine 442 

eutrophication), for other impact categories, we needed more parameters (e.g. freshwater 443 

eutrophication). Consequently, in Figure 5, for the selected impact categories, we considered only 444 

the first five parameters resulting from analytical uncertainty, and we linked them to physical flows 445 

in the model. In total, nine parameters resulted from considering six categories and the top five 446 

parameters. These nine parameters were present in five processes in the model. In addition, four 447 

transfer coefficient (TC) parameters were in the process substance transfer – per fraction, when 448 



SSOHW was separated between biopulp and the reject. These four TCs are 449 

TC_vegFW_TS_to_biopulp, TC_anim_FW_TS_to_biopulp, TC_N_to_biopulp, and TC_Zn_to 450 

biopulp, set as 95%, 97%, 88%, 82% and 68% respectively, and they are important for redefining 451 

physical flows. The first two parameters transfer the TS of two specific fractions, namely vegetable 452 

food waste and animal food waste, to the biopulp, while the other three transfer, respectively, 453 

nitrogen, zinc and copper to the biopulp. The fifth parameter, pulp_el_comsump, is the parameter 454 

for electricity consumption, set as 41% and used in the pulping with water pre-treatment process. 455 

The latter is one of the processes implemented into EASETECH. The sixth parameter is 456 

CH4_trans_pret_to_CHP, which defines the distance between the pulping with water pre-457 

treatment plant and the CHP, set at 30 km. This parameter resides within the CH4 transport process 458 

with regards to emissions from transporting the reject from the pre-treatment plant. With the 459 

seventh parameter, AD_adding_water, namely the percentage of water expected to be input into 460 

AD, set at 90%, we redefine the water content in AD. This process was implemented into 461 

EASETECH. The eighth parameter was in the AD process, AD_CH4_pot_lab, for the methane 462 

potential of the SSOHW feedstock and set at 460 Nm3CH4·tVS
-1. In addition, the AD process was 463 

implemented into EASETECH. The last parameter, AD_CH4_el, which defines the net electricity 464 

efficiency of a CHP plant with biogas as an input, was set at 43.3%. 465 

The model responds to substance recirculation, physical flow redefinition, links between 466 

background and foreground processes and conditional modelling. We rely on these four novel 467 

features in EASETECH, which is different from standard parametrisation. As the results 468 

demonstrate, for climate change, water flow was relevant, especially when water added into the 469 

AD process showed the highest result at 85%. The next highest were the TC of TS for vegetable 470 

food waste and TC of animal food waste going into biopulp, and the electricity consumption in the 471 



pre-treatment, at 4%, 2%, and 3%, respectively. The two TC parameters are associated to two 472 

fractions, vegetable and animal food waste, having the biggest share in composition of SSOHW 473 

(51 and 16%). Nitrogen flow is critical for marine eutrophication and terrestrial acidification, and 474 

so sending more of it into biopulp increases its flow into use on land, while metals, such as zinc 475 

and copper, are relevant to freshwater eco-toxicity, especially when they move into the AD flow 476 

in sufficient quantities. 477 

In Section S9 of Supplementary material A, we include the first five parameters and the results for 478 

all impact categories considered herein. 479 

 480 

 481 

 482 

 483 

 484 

 485 

 486 

 487 

 488 

 489 

 490 

Figure 5: Results for analytical uncertainty. On the top row, the top six parameters for each of the 491 

selected five impact categories; on the bottom, modelling in EASETECH, highlighting processes 492 

where the most relevant parameters are included. 493 
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4 Discussion 495 

The novel modelling features implemented into EASETECH provides a basis for evaluation of the 496 

recirculation/redefinition of physical flows with links from background processes as well as 497 

relating this to the overall environmental performance of the technology in question. This may 498 

potentially affect the way we model waste technologies and waste management systems in the 499 

future. The following sections discuss these aspects. 500 

 501 

4.1 Implications for future modelling  502 

Having the ability to integrate novel modelling features into EASETECH offers the advantage of 503 

using one software tool for performing LCAs and propagating uncertainty via Monte Carlo 504 

analysis, when adding uncertainty distribution to parameters. This is important for evaluating the 505 

contribution of parameters to the overall uncertainty, as well as for interpreting results. Process 506 

simulation carried out with separate tools requires the implementation of the physical flows 507 

(calculated in the external simulation tool) into the LCA tool itself. With this approach the 508 

advantages of LCA modelling tools such as EASETECH, where the ability to follow material and 509 

substance flows throughout the system is important, are lost. With EASETECH+, we expand the 510 

modelling perspectives of EASETECH when physical flows have non-linear responses to other 511 

flows, linked with background processes. Processes with novel modelling features when 512 

implemented into EASETECH can be found in its library of material processes as process 513 

templates and used by other EASETECH practitioners. However, calculations included in a 514 

process modelled in EASETECH+ can be reproduced externally (e.g. in Excel) and distributed to 515 

other LCA practitioners interested in reproducing the process into alternative LCA software, 516 

thereby promoting transparency, reproducibility and expandability. 517 



 518 

4.2 New potentials for LCA modelling of technologies and processes 519 

Based on the four modelling features presented here, new processes and technology components 520 

may be included and directly related to the physical flows within the systems. Based on a range of 521 

selected process and technology examples, in the following we discuss the potentials for 522 

applications of these novel modelling features in EASETECH.  523 

Precipitation of salts, such as the estimation of salts produced during a simple step-wise 524 

precipitation of salts from a brine solution. The amounts and types of salts that precipitate vary 525 

depending on the dissolved species (i.e. cations and anions) and on the solubility of salts. The 526 

amounts of specific salts precipitated (e.g. a very soluble salt and a less soluble salt) can be 527 

estimated based on molar calculations, provided that there is sufficient knowledge on the process 528 

and composition of the brine. In other words, EASETECH can be used to make substance flow 529 

analyses, by calculating the amounts of dissolved species in each step and evaluating whether or 530 

to what extent the ensuing salt can be produced.  531 

Pyrolysis and gasification processes, which thermally decompose dry feedstock in specific 532 

conditions (e.g. set temperatures, pressure). The process reproduces reactions that quantify the 533 

intermediate and final outputs, the latter of which can include condensable vapours, non-534 

condensable (permanent) gases and solid char. Additional outputs of gasification are syngas, char 535 

and tars. One example is fluidised bed gasification, which converts the input material (waste and 536 

biomass fuels) into syngas (Ardolino et al., 2018); in this example, the gasification model 537 

quantifies the volumetric flow rate of the syngas, its mass flow rate, composition, energy content, 538 

emissions into the air, consumption of chemicals and residues produced.  539 



The modelling of biogas upgrading, therefore, depends on the composition of the input materials 540 

and the process conditions. Furthermore, biogas upgrading increases methane content and converts 541 

the biogas into a higher-quality fuel with specificities similar to natural gas (Angelidaki et al., 542 

2018). One example is biological biogas upgrading via hydrogenotrophic methanogens that 543 

convert carbon dioxide into methane by using hydrogen. This process is characterised as 544 

methanogenesis, the final sub-process in anaerobic digestion.   545 

A biorefinery converts the lignocellulosic input material into bioethanol, a solid and a liquid 546 

fraction, through a sequence of sub-processes (i.e. pretreatment, hydrolysis, fermentation and 547 

distillation, recovery) (e.g. Lodato et al., 2020). This example considers the production of C5 and 548 

C6 sugars during hydrolysis, followed by the production of ethanol and CO2 during fermentation 549 

and distillation. 550 

 551 

5 Conclusions  552 

Based on EASETECH+, a process “editor”, we implemented four novel modelling features into 553 

EASETECH and applied these to a case-study involving anaerobic digestion of source-segregated 554 

organic household waste. By implementing these four modelling features into seven processes that 555 

were applied in the case-study provided the possibility of evaluating the environmental 556 

performance of an integrated waste technology at a completely new level, reflecting the effects of 557 

recirculation of physical flows, integration of physical flows associated with background 558 

processes, and constraint-oriented changes to physical flows within the technology. The results for 559 

six selected impact categories demonstrated that a range of parameters associated with these novel 560 

modelling features were critical for the overall LCA results. We demonstrated that internal flows 561 

in waste technologies may be critical for the environmental performance of the technology and 562 



should not be ignored, but also that the associated process parameters may provide new insight 563 

from an LCA perspective. We recommend that process-oriented modelling, such as demonstrated 564 

in the case-study with the seven processes, should be considered for LCA modelling of waste 565 

management technologies in the future. 566 
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