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Abstract 26 

As part of a comprehensive evaluation of the use of Sida hermaphrodita (hereafter 27 

referred to as Sida) biomass as a solid biofuel, a life cycle assessment (LCA) according 28 

to ISO 14040/14044 was carried out by means of a suitable cradle-to-gate system 29 

design. The supply and use of chips, pellets and briquettes was studied by internal and 30 

external comparisons to show competitiveness and improvement options. The results 31 

show fewer differences within the Sida process chain designs but larger distinctions to 32 

compared alternative biofuels such as wood or Miscanthus pellets. A major finding is 33 

that Sida process chains cause lower environmental impacts in comparison with 34 

alternative biofuels. The study identified hot spots within the Sida process chains and 35 

starting points for further improvement. A sensitivity analysis of important parameters, 36 

such as specific yield or heating values was performed. Because there are no similar 37 

investigations on the environmental impact of Sida used as a biogenic solid fuel to date 38 

this manuscript presents first results. So far, the results indicate that Sida provides a 39 

more sustainable option for the use of biomass in combustion processes in relation to 40 

environmental impacts. 41 

 42 

  43 
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1 Introduction 44 

With regard to gross final energy consumption the European Union’s (EU-28) share of 45 

renewable energy was 18.0 % in 2018, which was mainly (ca. 50 %) covered by 46 

biomass [1, 2]. Striving further development of decreasing greenhouse gas emissions 47 

by 40 % and increasing the renewable energies share to 32 % in 2030 compared to 48 

1990 shows the action required [3]. At the political and societal level recent 49 

developments like “The European Green Deal”, which specifically targets the 50 

decarbonization of the energy sector [4], or “Fridays For Future”, which formulate even 51 

more ambitious goals [5], reinforce a continuous improvement of technologies (e.g., 52 

design of processes or improvement of combustion properties) in biomass-based 53 

energy applications. The comprehensive evaluation of new and innovative biomass 54 

supply can help to identify beneficial technologies but also describe improvement 55 

potentials. A less spread energy plant, the woody-like perennial non-food Sida 56 

hermaphrodita (L.) Rusby (hereafter referred to as Sida) offers improvements for 57 

energy generation [6]. As one part of a holistic approach, environmental impacts of the 58 

supply and use of Sida are assessed by life cycle assessment (LCA) [7]. 59 

Sida, also known as Virginia mallow or Virginia fanpetals, is part of the mallow family 60 

and has its origin in North America (Figure 1). In the middle of the 20th century, the 61 

plant was imported via Russia to Poland, where it is mainly used for energy purposes 62 

today. Without clear statistics on the European level Sida gains currency in a 63 

magnitude of less than 1,000 ha cultivation area [8]. One remarkable advantage of 64 

Sida is the possible high yield of up to 25 tDM ha-1 [6]. Further good reasons to take a 65 

closer look at the use of Sida as an energy carrier can be found in its benefit for the 66 

ecosystem and the low requirements regarding soil conditions, allowing extensive 67 

cultivation [9]. Long flowering periods of Sida provide an important source for 68 

pollinators [10], heavy metals can be absorbed in terms of soil remediation [11], the 69 
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nutrient need is low and the water demand is half as much as for willows in short 70 

rotation coppice (SRC) [12]. The ability to grow on marginal land allows the avoidance 71 

of the “food vs. fuel”-discussion [13]. Considering alternative fertilization using 72 

digestate as a residue from biogas production, substantial Sida biomass yields were 73 

even obtained when grown on marginal soils [14, 15]. In addition, calculations based 74 

on production cost data from Jablonowski et al. [7] show the economic competitiveness 75 

in comparison to wood pellets for example. 76 

 77 

 78 

Figure 1: Photographical illustration of a Sida plants; A: Sida inflorescent B: young Sida plants C: Sida shoots at 79 
bottom D: Sida plants at harvest time in March 2018 at one of the test fields of the IBG-2: Plant Sciences, 80 
Forschungszentrum Jülich GmbH. 81 

 82 

At the IBG-2: Plant Sciences, Forschungszentrum Jülich GmbH, Germany, different 83 

topics like the growth of Sida on marginal sandy soils, its symbiotic relationship with 84 
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legumes such as alfalfa, or the technical and normative usability as an energy carrier 85 

have been investigated [13, 9, 6, 16]. Generated data from laboratory, greenhouse and 86 

long-lasting field studies built the basis for the inventory in our study. 87 

In the last two decades bio-based products and biomass use came more into focus of 88 

LCA and the methods are constantly developing and being discussed (e.g., [17, 18, 89 

19]). One focus of discussion is on different methods for the consideration of carbon 90 

storage and land use in LCA. Liptow et al. [19] emphasized limiting conditions like data 91 

availability and variability as well as differences of topic-specific methods (cf. 2.1.4). 92 

Pawelzik et al. [18] recommended the application of the ILCD method (cf. 2.1.3) for 93 

systems that use bio-based materials. In addition, Martín-Gamboa et al. [20] showed 94 

a large variety of assessment methods and system boundaries for LCAs of biomass 95 

pellet production and use. Besides the consideration of the classic biogenic energy 96 

carrier wood, other studies also include less spread or rare used biomasses like grape 97 

stalks [21] or black locust [22]. The assessment of different energy carrier forms is 98 

often limited to woody biomass (e.g., [23, 24]). The assessment of Sida, but also 99 

Miscanthus biomass was performed by Krzyzaniak et al. [25, 26], but with tighter 100 

system boundaries and a focus on different fertilizer applications. 101 

The focus of the presented LCA-work is on the use of Sida as a solid energy carrier, 102 

which is processed differently in form of chips, pellets or briquettes, before it is 103 

combusted for heat production to provide district heating. Because of the fictive 104 

character of the overall process chains, the assumed processing design had to be 105 

developed for each intermediate product (e.g., pellets) of the energy carrier. 106 

Thresholds like those from the guidelines for pellets or briquettes [27, 28] and suitable 107 

equipment for the thermochemical conversion to energy were taken into consideration. 108 

To get a broad understanding of the considered applications an internal comparison 109 

(Sida process chains) to identify the most advantageous processing route were carried 110 
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out. To get an idea of the environmental competitiveness of Sida an external 111 

comparison to alternative biofuels, such as different forms of wood or Miscanthus 112 

pellets was conducted. Furthermore, different sensitivity analyses in relation to specific 113 

yields and heating values were implemented and analyzed. According to present 114 

knowledge, this study is the first LCA that considers Sida in such a system with the 115 

scope described below. The consideration of different provision forms and the specific 116 

combination with different biomasses compared are further unique characteristics. The 117 

varied consideration of Sida energy carriers offers new perspectives for the future 118 

spreading of Sida. Moreover, a contribution to the extended knowledge about 119 

environmental impacts of biomass use is added. 120 

 121 

2 Material and methods 122 

In line with ISO 14040/14044 standards the LCA for Sida was carried out including the 123 

mandatory steps of goal and scope definition, life cycle inventory analysis (LCI), life 124 

cycle impact assessment (LCIA) and interpretation [29, 30]. To realize the assessment, 125 

different process chains were implemented in the LCA-Software GaBi 9.2 [31]. 126 

Information for the main (foreground) processes was taken from a project [6, 16], 127 

complemented by suitable literature data. Necessary data for background processes 128 

was taken from the GaBi and ecoinvent 3.5 databases [32, 33]. Detailed data for the 129 

single processes of the Miscanthus process chain was taken from above mentioned 130 

project data, literature and databases. Thus, these data and further details about 131 

germination rate [34], plant density or weed control [35], ash contents [36], etc., were 132 

combined with existing datasets from ecoinvent 3.5 (e.g., chopping of Miscanthus) into 133 

a generic process chain. Data for the process chains of further alternative woody 134 



BIOMASS & BIOENERGY - LCA Sida - Manuscript 

12.2020 https://doi.org/10.1016/j.biombioe.2021.105966 7 | 35 

 

biomasses (see 2.1.2) was taken from the ecoinvent 3.5 database by the use of 135 

aggregated LCI datasets. 136 

 137 

2.1 Goal and scope 138 

Goal of this study is the comparison of environmental impacts of three different 139 

processing routes for Sida biomass used as a solid fuel. An internal comparison of 140 

impacts allows the identification of the most advantageous processing route. Additional 141 

aim of the study is the generation of information for potential stakeholders (e.g., farmer 142 

or energy carrier users) about environmental impacts (e.g., climate change), by an 143 

external comparison to alternative biomasses. Furthermore, improvement potentials 144 

are evaluated for each processing route. 145 

Therefore, three different process chains (Figure 2) were developed representing the 146 

different pathways of Sida biomass. The following process chains describe the 147 

production and use of chips (process chain SI), pellets (process chain SII) and 148 

briquettes (process chain SIII). The environmental impacts are compared to results 149 

from established conventional biomass process chains for the use of Miscanthus and 150 

woody biomass. 151 

 152 
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 153 

Figure 2: Simplified structure of process chains with five process stages for the supply and use of Sida as a solid 154 
fuel in process chain SI (chips), SII (pellets) and SIII (briquettes) as well as for alternative wood-based solid biofuels 155 
process chain. 156 

 157 

2.1.1 Sida process chains 158 

The process chains SI, SII and SIII are set as cradle-to-gate systems. All essential 159 

steps from the biomass production to the combustion stage, including ash disposal, 160 

were considered. The three developed and implemented Sida process chains consist 161 

of five process stages as shown in Figure 2. 162 

The system starts with the process stage of biomass production containing the same 163 

process modules in all process chains but with different quantitative characteristics, 164 

depending on the considered lower heating values, biomass losses, etc. Processes 165 

include actual applications like harrowing or fertilizing, their energy demands (e.g., 166 

diesel or electricity) and manufacturing of equipment as well as the production and 167 

supply of necessary operation materials, like fertilizers or water. Thus, this stage 168 

contains the tillage of the farmland, the planting of seedlings and related preparations 169 



BIOMASS & BIOENERGY - LCA Sida - Manuscript 

12.2020 https://doi.org/10.1016/j.biombioe.2021.105966 9 | 35 

 

(plant protection) and the fertilization during growth phase. Afterwards, the chopping 170 

of the Sida biomass is realized analog to corn harvest using a conventional corn 171 

shredder. The implemented process chains also consider all related transports of 172 

machinery and biomass with a distance of 5 km in maximum. 173 

Because of the different processing variants like chip production, pelletization or 174 

briquetting the structure of the production and processing stage differs in all process 175 

chains. The storage and natural drying in SI, SII and SIII is taken into account by 176 

specific buildings. The internal transport of raw material is performed by agricultural 177 

standard equipment (tractor). For the processing of Sida raw material (chips) to pellets 178 

or briquettes, mobile technical units are incorporated, while their mobility is considered 179 

with a distance of 50 km in maximum. Besides transport of the technical units, the 180 

specific processes are considered by their energy demands for operation and 181 

proportionate production of the machinery. The pelletization unit is assumed to have a 182 

throughput of about 350 kg h-1 and a related energy capacity of 15 kW. Performance 183 

data of the briquetting unit is given by a throughput of 300 kg h-1 and an energy capacity 184 

of 22 kW. 185 

The intermediate products storage (e.g., silos), logistics and infrastructure are varied 186 

for the storage and shipping stage. Included activities are the production and operation 187 

of storage facilities as well as internal transports. Due to the different types of 188 

intermediate products (chips, briquettes, pellets) specific technical equipment is 189 

required. Internal logistics are realized by agricultural machinery in SI, screw 190 

conveyors in SII and fork lifter in SIII. The storage facilities are modelled by suitable 191 

buildings (chips, briquettes) or silos (pellets) as well as a proportionate electricity use. 192 

The combustion stage includes activities like electricity supply for the operation of the 193 

users’ storage facility in addition to the furnace operation and its manufacturing. The 194 

different types of Sida intermediate products (chips, pellets, briquettes) also affect the 195 
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combustion stage, which is distinguished by the performance class of the used small-196 

scale furnaces. The combustion of chips in process chain SI was modelled by a 50 kW 197 

(thermal capacity) furnace, originally designed for wood chips. Process chain SII 198 

contains a 25 kW furnace designed for wood pellets, while process chain SIII uses a 199 

30 kW furnace, originally constructed for wood logs. The furnace’s datasets (e.g., 25 200 

kW) does not only represent the specific capacity but cover a specific range (e.g., 20-201 

100 kW) lower than 100 kW (nominal capacity). The use of different performance levels 202 

reflects practical tests with small-scale furnaces [7]. 203 

Ash disposal is included in all process chains as the last step. “Disposal by household 204 

waste” is assumed due to the performance class of < 100 kW [37]. This stage is 205 

implemented by an ash disposal via incineration of household waste and via sanitary 206 

landfill. As a basis for the general process development, a basic process chain of a 207 

Sida cultivation area of four ha harvested at one time was assumed. This determination 208 

plays a crucial role for the design of process modules (e.g., dimensioning of 209 

pelletization or storage). 210 

 211 

2.1.2 Process routes for alternative biomass 212 

Just as the process chains SI, SII and SIII the process chain for Miscanthus was 213 

developed as a generic setup of processes. The general layout of the considered 214 

processes is oriented analogous to the mentioned Sida process chains (Figure 2). As 215 

these process chains correspond to the general structure of the data sets for woody 216 

biomass (see following explanations), comparability is given. Analogous to the process 217 

stages described in 2.1.1 the Miscanthus (MI) process chain includes a biomass 218 

production stage (e.g., tillage, preparation and harvest), the production and processing 219 

(e.g., pelletization), storage and shipping, the combustion stage (25 kW) and final ash 220 

disposal. An overview is given in Figure 2. 221 
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Additional aggregated LCI datasets for alternative biomasses (AI - AVI) were taken 222 

from the ecoinvent database. Due to limited availability, considered datasets were 223 

referred to wood-related energy carriers only. The compared alternative process 224 

chains represent energy carriers like wood chips, wood pellets and wood logs. The 225 

considered data include all process stages from biomass production to the energy 226 

carrier combustion and ash disposal. The performance classes are in the same 227 

magnitude as the Sida process chains SI, SII, SIII and MI. Considered process stages 228 

are “the infrastructure, the wood requirements, the emissions to air, the electricity 229 

needed for operation, and the disposal of the ashes” [38]. To ensure comparability in 230 

relation to the technical key data, only selected datasets (performance reference < 100 231 

kW) were utilized. The performance of the considered furnaces ranges between 25 232 

and 50 kW. In most cases, available state-of-the-art processes (SOTA, 2014) with 233 

relation to Switzerland (CH) or the rest of the world (RoW) are considered, because 234 

these datasets represent principally processes with lower impacts. 235 

 236 

2.1.3 Functional unit and relation 237 

The functional unit (FU) is the supply of 100 GJ thermal energy from combustion of the 238 

energy carriers (chips, pellets, briquettes), representing the heating demand for 239 

approx. 550 m² living space of a newly constructed apartment building (7 flats) 240 

according to German energy saving regulations [39]. The geographical system 241 

boundaries in relation to the used data are at European or German level and all data 242 

are not older than 2015, if possible. 243 

To realize the valuation of environmental impacts the LCIA-method of the International 244 

Reference Life Cycle Data System (ILCD), which includes 16 impact categories, was 245 

used [40]. Additionally, a normalization was performed with the method of Product 246 

Environmental Footprint (PEF Pilot 1.09), which refers to the EU-27 and includes 247 
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biogenic and non-fossil carbon emissions [41]. The unit of the output is presented in 248 

European person equivalents (PE) [42]. 249 

 250 

2.1.4 Life cycle inventory 251 

It is necessary to record all inventory data related to the process chains. Selected data 252 

for Sida (SI, SII, SIII) and Miscanthus (MI) are shown in the following Table 1 with 253 

regard to the functional unit of 100 GJth (see 2.1.3). While Sida data are taken from 254 

own trials and research at lab and field scale [6, 16], data for Miscanthus are taken 255 

from different literature and own calculation (e.g., [35, 7]). 256 

The main inputs (mass related) of SI, SII and SIII are biomass (up to 8,153 kg FU-1) 257 

and water (up to 6,232 m³ FU-1). Further inputs are fertilizer (92.8 - 99.8 kg FU-1), direct 258 

electricity use (1,041 – 2,728 MJ FU-1) and further energy resources such as material 259 

inputs for electricity supply or equipment manufacturing (21.6 – 23.8 GJ FU-1). The 260 

intermediate products of each process chain were 6,200 kg chips in SI, 5,811 kg pellets 261 

in SII, and 5,999 kg briquettes in SIII, which correspond to the main output of 100 GJ 262 

thermal energy in all cases. As a related output, the biomass loss (dry matter) can be 263 

numbered with 645 kgDM FU-1, 651 kgDM FU-1 and 897 kgDM FU-1, respectively, which 264 

equals an input related loss of 8.5 to 11 %. Combining the dry matter loss with the 265 

water loss during processing the share of losses increases to 20 to 25 %. The ash 266 

content ranges from 2.1 to 3.6 % of the energy carrier mass (127.1 - 225.2 kg FU-1). 267 

The used values for Miscanthus are in similar magnitudes (Table 1). As it can be seen, 268 

the most advantageous key data of Miscanthus is the heating value and low ash 269 

content, which was taken from [36]. The fertilizer use is significantly lower (75-80 %) 270 

than in SI-III. According to Lask [35] the plant density was assumed as 15,000 plants 271 

ha-1 for Miscanthus, though there are also suggestions for plant densities of 10,000 272 

plants ha-1 (e.g., [43, 44]). 273 
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For the used datasets of woody biomass processes, the amounts of input material and 274 

electricity use are in the same magnitude (Table 1). The ash content of the datasets is 275 

significantly lower, with values less than 50 % of Sida (0.4-1.0 %). Due to different 276 

moisture contents and processing, the heating value varies between 14 MJ kg-1 and 277 

20 MJ kg-1. The presented data for process chains AI-AVI in Table 1 represents the 278 

direct input data of the datasets’ documentary [33]. 279 

 280 

Table 1: Life cycle inventory (LCI) for Sida hermaphrodita process chains SI, SII, and SIII, miscanthus chain MI and 281 
six selected compared alternative process chains (SOTA = state-of-the-art) 282 

 283 

 284 

With regard to currently discussed LCA-topics it has to be noted that the effect of Sida 285 

converting into soil organic carbon and the consequent CO2-sequestration, which 286 

depend on factors as location, soil type or cultivation methods, are not included in the 287 

present work due to missing data and ongoing discussions [45, 46, 47]. For identical 288 

reasons of not available data, the inclusion of a multiple cycle cultivation (e.g., 20 years 289 

of cultivation) was not taken into account (e.g., changes in harvest yield or amounts of 290 

fertilizer). It can be expected that a distribution of specific parameters (e.g., fertilization) 291 

would reduce specific environmental burdens over a variety of cycles. 292 

Flow Unit
SI

chips

SII

pellets

SIII

briquettes

MI

pellets

AI

logs
1

AII

logs
2

AIII

pellets
3

AIV

chips
4

AV

chips
5

AVI

chips
6

Inputs

Harvested biomass [kg FU
-1
] 8,152 7,582 7,661 7,239 7,190 7,700 6,670 7,050 7,480 7,290

Water [m³ FU
-1
] 6,160 6,131 6,232 4,954

Electricity* [MJ FU
-1
] 1,041 2,396 2,728 2,418 1,336 1,429 1,876 2,002 2,146 2,002

Energy resources** [MJ FU
-1
] 21,642 22,770 23,794 19,661

Fertilizer [kg FU
-1
] 99.8 92.8 93.8 76.0

Intermediate products

energy carrier eq. 

(pellets, chips, briquettes)
[kg FU

-1
] 6,200 5,811 5,999 5,821

Outputs

Thermal energy [MJ FU
-1
] 100,000 100,000 100,000 100,000

Biomass loss*** [kg FU
-1
] 897 645 651 615

Ash [kg FU
-1
] 127 209 215 175 74.7 80 29.8 66.7 68 66.7

parameter

Heating value [MJ kg
-1
] 16.13 17.21 16.67 17.18

Moisture (harvesting) [%] 24.1 24.1 24.1

Moisture (product) [%] 9.9 15.0 15.0

Supplementary Table I: Life cycle inventory (LCI) for Sida hermaphrodita process chains SI, SII, and SIII, miscanthus chain MI and six selected compared 

alternative process chains (SOTA = state-of-the-art)

depending on moisture ranging between 14 and 20 MJ kg
-1

1 
AI - mixed logs | 30 kW | RoW | SOTA; 

2 
AII - mixed logs | 30 kW | RoW; 

3 
AIII - wood pellets | 25 kW | CH | SOTA; 

4 
AIV - wood chips - industrial | 50 kW | CH | SOTA; 

5 
AV - softwood chips - from forest | 50 kW | 

CH; 
6 

AVI - hardwood chips - from forest | 50 kW | RoW | SOTA
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 293 

3 Results and discussion 294 

3.1 Internal comparison 295 

To identify the most advantageous processing route for Sida the results of the LCIA 296 

can be ranked for specific categories. In Figure 3 it is shown that the results of 297 

categories like “Climate change incl or excl” or “Ozone depletion” are very similar. They 298 

differ by less than 15 % while other impact categories like “Acidification” or 299 

“Eutrophication, terrestrial” vary widely, with differences of 100 % or more, which have 300 

their origin in the combustion stage. The factors between the largest and lowest value 301 

per impact category range from 1.1 to 4.3. 302 

To be able to compare the process chains summarizing all 16 impact categories, the 303 

LCIA results were transformed into normalized values (unit: person equivalents, PE) 304 

by the mentioned method (see section 2.1.3). The normalized values of the 305 

implemented process chains SI, SII, and SIII demonstrated that the impacts differ by 306 

less than 2 %, making it impossible to see a clear winner of the process chains. 307 

 308 
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 309 

Figure 3: Results of the LCIA for process chains SI, SII and SIII. Results per impact category according to ILCD in 310 
specific unit equivalents (comparability only given within the specific category) per 100 GJth. 311 

 312 

Figure 4 shows the relative shares of the impact categories. The five impact categories 313 

with the largest impact (PE value) are mostly the same in all process chains and can 314 

be ranked by decreasing impact: 315 

 316 

 Human toxicity midpoint, cancer effects (HT CE) 317 

 Ecotoxicity freshwater (ET FW) 318 

 Human toxicity midpoint, non-cancer effects (HT nCE) 319 

 Resource depletion, mineral, fossils and renewables (RD MFR) 320 

 Climate change midpoint, incl. biogenic carbon (CC incl) 321 
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 322 

 323 

Figure 4: Relative shares of person equivalents per impact categories for process chains SI, SII and SIII per 100 324 
GJth. 325 

 326 

These largest impact categories range in a magnitude between 8 % (CC incl in SII) 327 

and 34 % (HT CE in SI) share per process chain. Main cause for the impacts can be 328 

named exemplarily by the furnace production in the categories “ET FW” and “HT CE” 329 

or by the fertilizer production in the impact categories “HT nCE” and “RD mfr”. The 330 

main cause for the large impact of the category “CC” is the combustion. It has to be 331 

remarked that this large impact is mainly associated with biogenic CO2, so that an LCIA 332 

method excluding biogenic carbon dioxide (CC excl, Figure 3) lowers the impact 333 

substantially to a remaining impact of 11 to 14 %. The remaining amount is mainly 334 

caused by external processes like seedling, furnace or fertilizer production. 335 

It can be stated that the basic distribution of the category shares is very similar for all 336 

Sida process chains. Significant differences can be identified for the “HT CE” category 337 

in process chain SI and the “RD MFR” category in process chain SIII. These 338 

distinctions can be traced back to the impact of single process modules. While the “HT 339 
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CE” category is mainly influenced by different furnaces’ manufacturing, the “RD MFR” 340 

category differs due to storage facilities and equipment. 341 

The differences between the considered process chains are also reflected for selected 342 

categories (Figure 5, A) as well as the sum of all 16 impact categories per process 343 

stage (Figure 5, B). The five graphs for single impact categories show the separate 344 

process stages. For example, the ash disposal stage has nearly no influence on the 345 

“HT CE” category but on the “ET FW” category. In principle, the process stages 346 

“biomass production” and “combustion” represent the largest impact originators. 347 

Anomalies within Figure 5, B can be identified by the small shares of the production 348 

and processing as well as the ash disposal stage in process chain SI. The first 349 

discrepancy can be explained by minimized technical efforts for chips processing, 350 

while the ash disposal is lower due to less ash content of Sida chips. 351 

As mentioned before, the large impact of the combustion stage is caused by biogenic 352 

CO2, which has to be credited in an LCIA excluding biogenic CO2. 353 

The presented process chains show no significant differences between SI, SII, and 354 

SIII. However, the closer look into impact category and process stage specific results 355 

reveals focal points of impacts’ origins. These can be used as starting points for 356 

technology or biomass related process improvement. It is noteworthy that not all 357 

processes can be influenced. On the one hand, it is possible to reduce the influence 358 

of fertilizer production by minimizing its application but on the other hand, furnace 359 

production cannot be influenced. Moreover, based on the discussed results an impact 360 

category depending optimization (e.g., CO2 reduction) can be initiated, but only if this 361 

does not contribute to the worsening of other categories. In relation to the assessment 362 

of single process stages, similarities with other alternative process chains can be 363 

stated. Other studies like Ruiz et al. [48] or Fantozzi et al. [49] have also shown largest 364 

impacts in the process stage “biomass production” but also in pelletization or 365 
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briquetting. To get a clearer separation between the environmental impact results of 366 

Sida process chains the change of goal and scope characteristics (e.g., adjustment of 367 

functional unit and overall setting) can be used, since such modifications could lead to 368 

a stronger expression of distinctiveness. One basic possibility is the relocation of the 369 

system boundaries to intensify and identify significant differences. Another option 370 

would be the consideration of temporal developments for activities in the biomass 371 

production stage (e.g., taking into account cultivation circles) as described in Fantozzi 372 

et al. [49] in relation to SRC for example. Furthermore, the effects of a change in the 373 

“general setup” (framework; e.g., larger cultivation area than four ha as design base) 374 

should be analyzed. 375 

 376 

 377 

Figure 5: Shares of PE per process stage for process chains SI, SII and SIII; for largest impact categories (A) and 378 
for the sum of all impact categories (B) per 100 GJth. 379 

 380 

3.2 External comparison 381 

The comparison with alternative biomasses (e.g., wood pellets) shows that the 382 

summarized PE values of most alternatives compared are larger than those of Sida 383 
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(Sida pellets = 100%). The compared impacts in Figure 6 range from 85 % for 384 

Miscanthus (13.4 PE) to 147 % for wood chips (23.28 PE) against the best-case value 385 

of SII (100%). Five of the seven compared process chains indicate a larger overall 386 

impact than the Sida process chains. The alternative process chains with lower impacts 387 

are MI (Miscanthus pellets) with a 15 % lower impact than SI-III and AI (mixed wood 388 

logs) with ca. 2 % lower impacts. A comparison with wood chips from wood processing 389 

industries shows the largest impact difference (+47.3 %). The influence of the 390 

technology level can be seen for mixed logs representing state-of-the-art (AI) and 391 

average (AII). It leads to a significant change of impacts. Since no explicit state-of-the-392 

art technology was assumed for the process chains SI, SII, and SIII the impacts would 393 

probably be lower with such assumptions and implementations. Reasons for 394 

differences in woody biomass (process chains AI-AVI) impact results can be found in 395 

different lower heating values (range from 14 to 19 MJ kg-1) or differences of ash 396 

contents. Further compared datasets are shown in the Supplementary Table I and 397 

support the above-described advantageousness of Sida (70 to 80 % of the examined 398 

cases of alternative biomass result in larger environmental impacts). 399 

 400 

It can be stated that there is a large variety in the overall results but some of the 401 

presented biomasses (e.g., mixed logs, 30 kW, RoW, SOTA) are close to Sida. In most 402 

cases, however, Sida is advantageous. How these relations alter if parameters like the 403 

heating value of Miscanthus or the yield of Sida are changing, is presented in a 404 

sensitivity analysis in section 3.3. These analyses provide information on how changes 405 

in the framework conditions affect the environmental impact of Sida and Miscanthus. 406 

 407 
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 408 

Figure 6: Comparison of relative total PE values for Sida process chains SI, SII, and SIII, Miscanthus process chain 409 
MI as well as 6 different wood process chains AI-AVI; percentages reflect the process chain specific impact in 410 
relation to SII per 100 GJth. 411 

 412 

3.3 Sensitivity analysis of influencing parameters 413 

The influencing parameters along the Sida process chains were studied in different 414 

respects. The following described results focus on the comparison with Miscanthus 415 

(factor of interest: heating value) and the presented advantage of Sida (factor of 416 

interest: specific yield). 417 

 418 

3.3.1 Lower heating value Miscanthus 419 

In relation to the results, it is of particular interest, which parameters lead to a reduction 420 

of the gap between Sida and Miscanthus. This is worth a closer look, because the used 421 

data for Miscanthus is based on literature. Therefore, the first investigated factor is the 422 

lower heating value (LHV) of Miscanthus. A lowering of the LHV by 2.5, 5.0 and 10.0 423 

% leads to an increase of the overall impacts expressed in PE by 8.4 % in maximum. 424 

Figure 7 shows the changes from the initial value of 13.42 PE up to the maximum value 425 

of 14.55 PE. It has to be mentioned that the LHV used is an average value of randomly 426 
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selected values from the database mentioned [36]. According to different literature like 427 

[50] or [51] the LHV of Miscanthus is lower than the used value employed in this study 428 

(15.66 MJ kg-1 with 10 % moisture). 429 

 430 

 431 

Figure 7: Change of PE values per 100 GJth for Miscanthus (pellets) in dependence of varying lower heating values. 432 

 433 

3.3.2 Yield of Sida 434 

Furthermore, the variation of yields of Sida can show the scope of the advantages in 435 

comparison to alternative biomasses. By variation of Sidas’ yield in the underlying 436 

calculation, parameters, influencing the results, are changing (e.g., area demand per 437 

FU). The exemplary variation is done for process chain SII (pellets) by increasing and 438 

decreasing the yield. 439 
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As Figure 8 illustrates the increase in yield by 2.5, 5.0 and 10.0 % culminates in lower 440 

environmental impacts. By a decrease from 15.8 PE for the initial yield setting to 15.4 441 

PE for a yield enhancement of 10 % the relative difference is 3 %. While the initial area 442 

demand is 2,898 m², a 10 % increase of yield minimizes the demand to 2,634 m². It 443 

can be stated that the rate of the PE change is more influenced by a change of the 444 

LHV (-8.4 %) than by the increase of the yield (+3%). Even if both energy carriers are 445 

principally different, it can be assumed that a transferability of the results is given, but 446 

must be proven. 447 

Decreasing the yield by -30 % leads to an impact growth to 18.2 PE, which equals a 448 

relative change of 14.6 % (Figure 8). Thus, a significantly lower yield of process chain 449 

SII leads to an impact still competitive to four of the six compared alternative biomasses 450 

(AI-AVI in Figure 6). However, this also indicates that the cultivation site should be 451 

selected carefully, with regard to essential yield-enhancing factors, such as soil quality 452 

and fertility, sufficient water supply, etc. 453 

 454 
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 455 

Figure 8: Change of PE value per 100 GJth for SII process chain (pellets) in dependence of varying yields (kg ha-456 
1); increasing yield up to 10 % and decreasing yield down to -30 %. 457 

 458 

The resulting effects of the sensitivity analysis suggest that environmental-impact-459 

related competitiveness with Miscanthus is possible. In the case of worse parameter 460 

for Miscanthus (e.g., increasing moisture or ash content) and simultaneous 461 

improvement of parameters for Sida (e.g., lower ash content), the environmental 462 

impact could be equivalent or even better for Sida. These transition boundaries should 463 

be determined in further works.  464 

These results demonstrate the wide range of competiveness related to the 465 

environmental impact. Since the Sida data represents one set of (real) average 466 

parameters, it could be useful to determine also transition boundaries for parameters 467 

like ash content or moisture. Furthermore, the consideration of other intermediate 468 

forms (briquettes and chips) should be explored. 469 

 470 
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Further studies on influencing parameters can be realized by the change of specific 471 

processes within the different process stages (e.g., production of processing 472 

machinery) or the variation of machinery throughputs. As possible and maybe 473 

desirable effects of these alterations, the reduction of background process’ (e.g., 474 

furnace production) influences could be minimized. 475 

 476 

4 Conclusions 477 

An internal comparison of different production and processing pathways for Sida 478 

biomass did not show considerable differences in their overall environmental impacts. 479 

Differences can be found in the characteristics of single impact categories and their 480 

trigger, such as specific process modules (e.g., electricity supply) or related elementary 481 

flows (e.g., CO2). External comparisons with alternative biomasses like wood or 482 

Miscanthus have shown, in most cases (except Miscanthus and mixed logs (SOTA)), 483 

beneficial properties of Sida. Only the process chains of mixed wood logs and 484 

Miscanthus showed slightly better performances. Measured against the compared 485 

data sets of alternative biomasses, a relative ecological competitiveness is still given 486 

with significantly lower yields of Sida biomass. Moreover, future work could be 487 

identified as follows. Operations like the precise determination of competition 488 

boundaries (minimum yield or heating values) or the comparison with further energy 489 

carriers inside and outside the field of biomass can be derived from the present results. 490 

Further research on the comparison with conventional energy carriers (e.g., gas) would 491 

be possible by the choice of suitable system boundaries and relations. This could also 492 

lead to an extension to a cradle-to-gate-system, for example. To provide information 493 

on the most charged emission paths (air, soil, water) the analysis of these shares could 494 

be realized and compared with further biomasses. Unaffected by the choice of 495 
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biomass, it can be derived that a careful selection of impact-intensive (e.g., furnaces, 496 

fertilizer), but also less influential (e.g., electricity supply) components, may decrease 497 

environmental impacts. Technical and process-related findings cannot be generally 498 

transferred to other biomasses, due to specific design requirements. In order to 499 

sharpen the robustness of the results, additionally, a stronger specification of the 500 

furnaces would be conceivable. In the case of scale ups or scenarios the 501 

accompanying frameworks (e.g., cultivation area, mobile densification units) should 502 

also be purpose-oriented and in adequate dimensions. Summarizing, our results 503 

suggest Sida biomass as a useful alternative to established solid biofuels, such as 504 

wood-based energy carriers. 505 

 506 
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