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Abstract 18 

Renewable biomasses are used worldwide as inputs for energy production through processes, like 19 

Anaerobic Digestion (AD), which is a well-established technology to transform them into bio-gas and 20 

other by-products.  21 

Maize, triticale, sunflower and sorghum are energy crops frequently used as feedstocks in AD 22 

applications, mainly because of their high biogas potential. However, their cultivation generates 23 

some negative environmental impacts due to the direct and indirect land use changes. Therefore, it 24 

is important to seek for alternative species to replace some of them with others with lower 25 

environmental impacts while producing comparable biogas and energy yields.  26 

Industrial Hemp (IH) was documented in this literature review to be a suitable crop for AD 27 

applications with yields that are highly competitive with those of the energy crops being used now.   28 

Additionally, this literature review provided insight into the diversity of the methane yielding parts 29 

of the IH plants, with fresh leaves yielding the highest quantities. 30 

Finally, the authors of this literature review highlighted the need for research and development 31 

designed to expand the usage of IH as green biomass in AD plants, for efficient production of biogas 32 

and organic nutrients, and thereby, contributing to transitioning towards low fossil-carbon footprint 33 

societies. 34 

 35 
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Fossil-carbon footprint reduction 38 
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Acronyms 41 

 42 

AD: Anaerobic Digestion 43 

BEY: Biomass Energy Yield 44 

BMP: Biochemical Methane Potential (or BioMethane Potential) 45 

CED: Cumulative Energy Demand 46 

CF: Carbon Footprint 47 

CHP: Combined Heat and Power 48 

CSTR: Continuous Stirred Tank Reactor 49 

DM: Dry Matter 50 

FM: Fresh Matter 51 

GHG: Greenhouse Gas 52 

HHM: Hay Horse Manure 53 

HHV: High Heating Value 54 

IH: Industrial Hemp 55 

LCA: Life Cycle Assessment 56 

LCSA: Life Cycle Sustainability Assessment 57 

MEY: Methane Energy Yield 58 

NEY: Net Energy Yield 59 
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SHM: Silage Horse Manure 61 
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1. Introduction 81 

 82 

Energy is considered as one of the most important commodities of life in the present age and, for 83 

that, it is essential that it is produced and supplied in secure and sustainable ways, so that 84 

ecologically, economically and socially sound energy systems are ensured throughout all societies 85 

for the short and long-term future (Rehman et al., 2013). Fossil fuels continue to be important 86 

energy sources, due to their abundant availability, the monetary gains from their exploitation and 87 

the need to ensure a continuous supply of energy for a rapidly growing human population (Volpe et 88 

al., 2014; Sundaram et al., 2017; Ingrao et al., 2018a). Fossil carbon extraction from the earth and 89 

its combustion are responsible for multiple negative impacts, affecting the health of humans and 90 

the quality of the natural ecosystem. According to the World Health Organization (WHO), 91 

approximately seven million humans die prematurely each year, globally, due primarily to fossil-92 

carbon-based pollutants. Additionally, as global temperatures are steadily increasing concentrations 93 

of carbon dioxide in the atmosphere, other human health impacts are occurring and are contributing 94 

to bio-diversity losses, which are causing vulnerabilities of global ecosystem sustainability (Collet et 95 

al., 2017, Sundaram et al., 2017): these are some of the major environmental concerns that need to 96 

be addressed and solved. 97 

To this end, solutions and strategies are urgently needed to phase out the use of systems based 98 

upon fossil-carbon energy and to accelerate the global transition to those utilising renewable energy 99 

sources like solar, wind, hydro, geothermal, and biomass, that are promising alternatives (Böske et 100 

al., 2014; Schroyen et al., 2018). These are, indeed, delivering lower-environmental impacts (Prade 101 

et al., 2012; Schroyen et al., 2017), which is why they are being implemented globally. Valorisation 102 

of biomass usage is one of the alternatives that is useful and effective for socio-economic and 103 

environmental improvements. Chief among them are crop diversification, reforestation and more 104 

sustainable management of forests, and the creation of jobs, particularly in rural communities 105 

where large quantities of agricultural biomass and residues are produced (Valenti et al., 2016, 106 

2018a).  107 

Efficient and sustainable utilisation of biomass as an energy source is essential for reduction: of the 108 

current dependence upon consumption of fossil fuels in heat, power, and transportation related 109 

applications; and of the resulting emissions of GHGs (Kreuger et al., 2011a; Prade et al., 2012).  110 

In this context, Anaerobic Digestion (AD) is a well-established technology to utilise that (organic-111 

matter rich) biomass, so much so that it is gaining increasing interest from farmers, energy 112 

managers, company owners, academics and other stakeholders (Nges et al., 2012; Valenti et al., 113 

2018b; Nag et al., 2019).  114 

AD is a complex process, involving a diverse assemblage of bacteria and methanogenic species, and 115 

is developed through four steps, commencing with hydrolysis of the biomass, followed by 116 

acidogenesis, acetogenesis and methanogenesis (Schroyen et al., 2017; Nag et al., 2019). 117 

Two products are produced within AD: biogas; and a nutrient-rich digestate. The former is a gaseous 118 

mixture which is mainly comprised of methane and carbon dioxide, while the digestate is a stabilised 119 

material that can be either utilised directly or as a solid and liquid fraction after centrifugation (Nayal 120 

et al., 2016; Evangelisti et al., 2017; Ingrao et al., 2018a).  121 
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Generally, while 70-80% of the output digestate is recirculated within the plant to feed the digester, 122 

the remaining 20-30% is used in agriculture as a valuable soil amendment (Nayal et al., 2016; Rana 123 

et al., 2016). Usage of organic fertilisers from digestate instead of synthetic fertilisers contributes to 124 

enhance sustainability of agricultural systems, by reducing costs and associated GHGs (Yasar et al., 125 

2017; Ingrao et al., 2018a; Selvaggi et al., 2018). 126 

Yields in biogas production and energy performances of AD systems are dependent upon the type 127 

and the quality of the biomass utilised which, in turn, are affected by the way it is harvested, stored 128 

and processed in the AD systems (Bacenetti et al., 2015; Ingrao et al., 2018a; Valenti et al., 2018c). 129 

There are abundant sources of biodegradable organic waste including animal waste (sewage and 130 

manure) from pigs, cattle, poultry, and horses (Yusuf et al., 2011; Böske et al., 2014; Lamnatou et 131 

al., 2019).  132 

To optimise biogas yield, those biomass materials are often co-digested with ‘energy crops’ such as 133 

maize, triticale, sunflower and sorghum, which are cultivated with the main objective of producing 134 

energy for application in a wide range of sectors (Nges et al., 2012; Schroyen et al., 2018; Valenti et 135 

al., 2019).  136 

In this regard, a mixture of feedstocks of different types and quantities helps to enhance digestion 137 

performance and energy yields, and application of the digestate produced will provide a better 138 

balance of macro- and micro-nutrients (Nges et al., 2012; Valenti et al., 2018d).  139 

Energy crops are generally ensilaged, so they can be stored for a period of time before their energy 140 

content is extracted via AD. This makes it possible to use the organic matter when needed, and 141 

when the selling price of the methane produced is higher (Pakarinen et al., 2008; Nges et al., 2012).  142 

Although energy-crop biomass yields large quantities of biogas, it is responsible for a set of 143 

environmental burdens mainly deriving from cultivation of the invested lands and from the 144 

extensive extraction of ground water for irrigation of those lands. Furthermore, energy crops 145 

compete for high quality land that needs to be used for production of human food and animal feeds. 146 

(Rana et al., 2016; Selvaggi et al., 2018; Ingrao et al., 2019). In contrast, as one great advantage over 147 

energy crops, Industrial Hemp (IH) (Cannabis Sativa L.) can be produced on marginal lands and, at 148 

the same time, enables production of a diversified biomass that includes hurds, fibres and seeds 149 

(Kreuger et al., 2011a; Kumar et al., 2017). Hence, these materials are treated as co-products of IH 150 

cultivation systems in a wide range of downstream systems, mainly including production of foods 151 

and feeds, generation of bioenergy and biofuels, and construction of green buildings. Such 152 

applications can be pursued simultaneously, and so contribute to maximising yields while 153 

significantly reducing land use change and other relevant environmental impacts as overall 154 

associated with production of those materials. 155 

With regard to bioenergy and biofuel, IH is generally harvested and ensilaged for later usage as a 156 

green feedstock in AD plants for biogas production (Prade et al., 2012). However, according to this 157 

author team, it would be desirable to find and test alternative solutions that enable energy 158 

generation while preserving diversification of the aforementioned output biomass materials and of 159 

the possible application paths.  160 

In this context, this literature review was designed to build upon research findings on this topic, as 161 

the starting point to identify and to fill the knowledge and application gaps in this content area, 162 
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namely the use of AD to convert IH biomass into value-added, sustainable energy sources and 163 

nutrients. In particular, the authors sought to: 164 

1. Develop insights into the current status of research performed on the environmental, 165 

technical, energetic and economic dimensions of IH as a feedstock in AD-based systems for 166 

producing bio-gas; 167 

2. Contribute to enhancing the knowledge and literature on IH in AD applications;  168 

3. Foster research and wide-spread usage of IH in AD systems to contribute to accelerating the 169 

transition to equitable, sustainable, liveable, post-fossil carbon societies (Ingrao et al., 170 

2018b). 171 

To the authors' knowledge, this type of literature review has not been published and, so, according 172 

to the authors, it synthetises valuable insights that can be of interest and utility to readers 173 

worldwide.  174 

Two related literature reviews by Ingrao et al. (2018a) and Ingrao et al. (2019), reviewed AD systems 175 

sourced with food and agricultural-waste biomass respectively, highlighted the key technical, 176 

energetic, and environmental issues.  177 

Additionally, Schluttenhofer and Yuan (2017) highlighted ways to deepen the knowledge of hemp 178 

biology based upon domesticating and maximising the agronomic potential of IH.  179 

No previous literature reviews specifically, addressed usage of IH as a feedstock in AD, thus 180 

highlighting its scientific relevance, novelty features and the growing interest about potential uses 181 

of IH in AD. 182 

The article by Rehman et al. (2013), reviewed potential energy paths for hemp biomass usage, as a 183 

gaseous and as a solid biofuel for use in Pakistan. Their publication deepened the knowledge on IH 184 

production, by documenting the feasibility of its usage as a bioenergy source.  185 

Their findings can be useful in stimulating interest for usage of IH in Italy and in other Mediterranean 186 

regions, because these countries have similar soil and climatic conditions to those of Pakistan.  187 

In contrast with the paper by Rehman et al. (2013), this literature review is more focussed upon 188 

addressing aspects of IH such as biomass and energy yields, land availability, energy mix, 189 

environmental performance and economic returns. The authors hope that it will deepen the 190 

knowledge for relevant stakeholders to help them to make further improvements for enhanced 191 

sustainability of AD systems that use IH for production of biogas and other biofuels as well as 192 

digestates to be used as agricultural soil amendments. 193 

2. Paper search methodology and presentation of the studies selected   194 

 195 

The authors of this paper reviewed the findings from relevant articles on the use of IH biomass in 196 

AD plants for production of biogas. A ten-year time span was chosen to develop projections of 197 

technical, energy and environmental issues and to draw conclusions and make recommendations 198 

based upon the articles found and reviewed.  199 

The bibliographical search in Scopus was conducted using the following combinations of key-words 200 

or phrases: ‘industrial hemp’; ‘energy crops’; ‘biogas production’; and ‘anaerobic digestion’. Articles 201 

were selected if they addressed hemp being used as a suitable biomass feedstock for AD-plants, 202 

with the main focus of producing methane, thermal and electrical energy. 203 
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The scope of the review included research on co-digestion of hemp biomass with other biomass 204 

types; and AD/co-digestion facilities as part of integrated energy systems and/or in comparison with 205 

other biomass treatments. Attention was focussed upon AD, because it is a proven technology for 206 

transforming bio-based materials into valued-added energy, fuels and nutrients, with relatively low 207 

energy consumption rates and environmental impacts (Böske et al., 2014). In addition to this, IH is 208 

known to be one versatile crop for a wide range of applications (Ingrao et al., 2015), which is the 209 

main reason why the authors of this paper wanted to explore its application as fresh biomass for 210 

biogas production in AD plants. 211 

The literature review helped the authors of this paper, to document that IH has been increasingly 212 

investigated during the period 2009-2019. As a matter of fact, by searching ‘industrial hemp’ in 213 

Scopus, in the indexed article-titles, abstracts, and key-words, 352 articles were found. By reviewing 214 

the results and limiting them to ‘buildings’, 95 papers were found. When the search was limited to 215 

bioenergy and biofuels, 59 and 50 papers were found respectively. By searching for papers on 216 

'biogas production' and ‘anaerobic digestion’, 16-19 papers were found. Therefore, it is understood 217 

that the authors made several literatures searches with different search word combinations before 218 

a significant number of papers was found to represent this research area.  219 

Papers dealing with IH-derived biogas production were extrapolated from Rehman et al. (2013) and, 220 

additionally, the following ones were reviewed: Barta et al. (2013); Böske et al. (2014); Adamovičs 221 

et al. (2014); Gissén et al. (2014); and Schroyen et al. (2015, 2107, and 2018). A total of fifteen 222 

papers, published during 2009-2019, were selected for in-depth review, based upon selection 223 

criteria presented above in this section.  224 

The number of publications per year is depicted in Fig. 1. It is clear that the greatest number of 225 

articles were published in 2011 and, later, in 2014, while a decrease in articles was recorded 226 

between 2014 to 2018.  227 

Based upon the review conducted, IH AD appeared to be an emerging technology, mainly because 228 

relevant but relatively little research has been developed thus far in this content area. However, the 229 

authors of this paper believe that many other studies are expected in the future, because 230 

considerable potentials for improvement and innovation can still be found.  231 

The 15 papers selected for this literature review were the result of the joint work and commitment 232 

of 71 authors (15 of whom were the corresponding authors), mainly from six countries distributed 233 

in Northern and Southern Europe: in Fig. 1, the number of papers reviewed and of the related-234 

authors were distributed by country and publication year. Sweden covered 40% of the 15 papers 235 

selected for this review with a total of 34 authors, representing almost 50% of the contributing 236 

authors. This could be due to the availability of green IH biomass, as well as to the interest and 237 

attention to research on IH usage for AD installations, in that part of Europe, in particular, in Sweden.  238 

 239 
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 240 
Fig. 1. Overview of the reviewed papers: a) Number of yearly publications1; b) Distribution of the papers considered, 241 

based upon affiliations of the corresponding authors; and c) Distribution of contributing authors (71) per affiliation 242 

country and publication year. 243 

 244 

Many of the selected papers were authored by team members from different institutions in the 245 

same country. This suggested that this area’s complexity requires that the systems must be 246 

investigated from a multidisciplinary perspective. Each of these papers were discussed in Section 4 247 

by highlighting objectives and key findings. For additional information, the reader is referred to the 248 

original papers.  249 

  250 

3. Reviewing objectives and the primary findings of the literature 251 

review 252 

 253 

Anaerobic digestion has become the major technology for sustainable treatment of a wide range of 254 

biomasses, by optimising the valorisation and exploitation of those biomasses, to produce added-255 

value energy sources and nutrients. Another benefit of processing the bio-based materials via AD, 256 

is that it reduces contamination of air, land and aquatic areas that would be impacted if these 257 

materials are not properly utilised. 258 

In this context, Prade et al. (2011) investigated the optimal biomass and Biomass Energy Yield (BEY) 259 

for biogas and solid fuel production from IH grown in a cold climate at latitudes of approximately 260 

55°N (Southern Sweden). In their study, the authors: 261 

1. Compared the energy yield from IH with the yields from alternative energy crops commonly 262 

grown in the study region;  263 

 
1   Years 2010, 2016, and 2019 are not included in the graph, because no papers were found based upon the criteria 
set for this review, as discussed in section 2. 
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2. Obtained information about suitable harvesting periods of IH for optimised production of 264 

biogas and solid fuel;  265 

3. Highlighted the influence of different N-fertilisation regimes on the IH yield on a dry matter 266 

(DM) basis. 267 

Prade et al. (2011) found that IH is highly competitive with the majority of the energy crops 268 

cultivated in the study area, in terms of biomass yield and in relation to the BEY for production of 269 

biogas and solid fuel.  270 

Padre’s team found that the per unit of DM yields are more affected by planting dates and weather 271 

conditions than by N-fertilisation rates; and that the optimal harvesting period is autumn 272 

(September - November) whether the IH is used as a feedstock for biogas production, and spring 273 

(February - April) if it is used for production of a solid biofuel (in the form of briquettes, straw bales, 274 

or pellets) to be used for heat generation.  275 

The total energy in the biomass per ha/yr. of cultivated field (BEY) was determined, based upon the 276 

Higher Heating Value (HHV), which was documented to average of 296 GJ/ha/yr. (when used as 277 

feedstock for AD), while the combustion energy yield averaged to 201 GJ/ha/yr. (when used as solid 278 

fuel for heating.) 279 

Solid biofuel production was found to be the major application for IH in Sweden, according to 280 

Kreuger et al. (2011a). Their research estimated the Methane Energy Yield (MEY) of IH (GJ/ha) based 281 

upon pre-determined values of biomass yield (tDM/ha) and specific methane yield. A three-year 282 

period (2006-2008) of IH cultivation was used for the assessment. In agreement with Prade’s et al. 283 

(2011) findings, Kreuger et al. (2011a) documented that the highest biomass yields per ha were 284 

found when harvesting was performed in the September and October. In that period, the average 285 

BEY was equal to 286±27 GJ/ha. Their results were similar to those reported by Prade et al. (2011), 286 

while the energy related to the methane content in the biogas (MEY) was 136±24 GJ/ha, which was 287 

higher than the production of transportation fuels from domestically grown crops like cereals and 288 

rapeseeds.  289 

Methane production in AD plants was confirmed to be a reliable way of producing renewable 290 

transportation fuel. 291 

Kreuger et al. (2011b) investigated several scenarios for separate and joint production of ethanol 292 

and methane, by utilising autumn harvested dry hemp as the biomass to estimate and compare the 293 

energy outputs per unit of hemp biomass used. In particular, ethanol was produced from hexoses 294 

derived from pre-treated hemp stems through ‘Simultaneous Saccharification and Fermentation’ 295 

(SSF).  296 

Methane was produced using different biomass types for the different scenarios considered, 297 

namely: crushed leaves; chopped stems; ground stems; steam pre-treated stems; pre-hydrolysed 298 

steam pre-treated stems; and residues from the ethanol production line.  299 

The Kreuger et al, documented that steam pre-treatment resulted in a higher methane production 300 

than mechanical grinding. Additionally, they found that co-production of methane and ethanol from 301 

hemp when the latter is first subjected to a steam treatment doubled the energy yields compared 302 

to that obtained when ethanol was produced from hexoses alone.  303 
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Following this research path, Barta et al. (2013) analysed energy and techno-economic issues in 304 

three macro-scenarios focussed on co-production, for district application purposes, of: biogas and 305 

CHP (for two of the scenarios); and ethanol, biogas, and CHP (for the third scenario).  306 

The scenarios were implemented based upon a cascade, system’s efficiency optimisation approach, 307 

that included:  308 

1. AD of chopped hemp alone;  309 

2. Steam pre-treatment of chopped hemp that produced a slurry to be treated in AD, with 310 

subsequent upgrading of the output biogas and conversion of the solid fraction of the AD 311 

output effluent into CHP;  312 

3. Chopped-hemp, steam pre-treated to develop a slurry, with the solid fraction used for SSF 313 

for production of broth for fermentation into ethanol and then distilled and dehydrate. 314 

Anaerobic digestion was integral to the third scenario to treat the volatiles from the flash steam 315 

treatment, the liquid slurry, and the stillage from the combined distillation and dehydration phase. 316 

Similar to the two previous scenarios, both biogas and CHP were produced. The authors 317 

documented that the energy yielded by the biogas, ethanol, heat and CHP, was lower than the 318 

energy input associated with the scenarios analysed. The authors concluded that none of the 319 

scenarios were economically viable, since the biogas selling price was not high enough to generate 320 

a net economic benefit.  321 

Although, the costs for ethanol production were higher than for biogas production, that was 322 

compensated by the relatively higher market price of ethanol. The authors found that the highest 323 

cost aspect was the production and supply of the hemp biomass feedstock, but the authors 324 

highlighted the uncertainty because at the time of that study, hemp was cultivated for purposes 325 

other than for energy uses.   326 

As a future dimension for research, Barta et al. (2013) emphasised the need for utilisation of 327 

feedstock biomasses that are cheaper than hemp as a potential solution to give higher outputs of 328 

ethanol and biogas, or primarily combined production with higher value products, in a cascade 329 

approach. However, considering the uncertainty in hemp prices, according to Barta, et al. (2013), it 330 

would be valuable to repeat the study under conditions of increased interest in energy application 331 

of hemp and to document the changes in economic results. 332 

In a study in Latvia by Balodis et al. (2011) compared biomass yields of different plant-species for 333 

methane production.  Hemp produced an average DM yield of 12.63 tons per ha, which was 334 

competitive with traditional energy crops like maize, sunflower and rape.  335 

The range of MEY was 122 to 111 GJ/ha, with an average of 116.5 GJ/ha. Those values referred to 336 

September-October harvests which, in agreement with studies previously reviewed in this paper, 337 

show that hemp biomass can be profitably used as an AD feedstock.  338 

Those values were lower than the 136±24 GJ/ha, obtained by Kreuger et al. (2011a): this could be 339 

attributed to different soil and climate conditions (Sweden vs. Latvia) as well as to different 340 

cultivation practices and harvesting time.  341 

This study and others documented that IH is a high biomass yielding crop for production of biogas 342 

and biofuels. The authors highlighted that biomass yields differed according to the variety. The 343 

varietal yield differences ranged from 10.70 t/ha from the variety ‘Benico’, to 14.20 t/ha form the 344 

variety ‘Futura75’.  345 
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In another study, Pakarinen et al. (2011) investigated the suitability of the fibrous parts of autumn-346 

harvested, chopped IH for biogas production, in comparison with maize and fava bean.  They found 347 

that all three crops provided good biomass yields, with maize producing the highest quantity (15 348 

tDM/ha), followed by hemp (14 tDM/ha) and fava (10 tDM/ha).  349 

With regard to MEYs, hemp was highly competitive to the other crops (maize, in particular) with a 350 

108GJ/ha value, while IH yielded as much as 137 GJ/ha when it was milled into fine particles.  351 

Authors of the reviewed articles found that energy crops are often compared in terms of resource-352 

efficiency related issues, like arable land usage, environmental impact of the whole supply chain, 353 

the energy and economic efficiency of the solid, liquid and gaseous energy carriers (Börjesson and 354 

Tufvesson, 2011; Prade et al., 2012).  355 

However, the energy balances were often overlooked, but they can be calculated by subtracting the 356 

direct and indirect energy inputs of cultivation, harvest, transport and energy conversion data 357 

(Prade et al., 2012). 358 

In this context, Prade et al. (2012) compared energy balances of four scenarios based upon different 359 

pathways for harvest timing and utilisation of hemp biomass.  In accordance with published findings, 360 

those pathways were the following: hemp harvested in autumn, thereby, producing green (fresh) 361 

biomass for usage as feedstock to biogas production; and dry biomass obtained from spring-362 

harvested IH for production of different forms of solid fuels (Prade et al., 2012). Accordingly, the 363 

following scenarios were considered by the authors:  364 

a. Combined Heat and Power (CHP) from spring-harvested hemp in the form of bales;  365 

b. Heat from spring harvested hemp as briquettes and bales; and 366 

c. Both CHP and vehicle fuel from autumn-harvested, chopped ensiled IH biomass as feedstock 367 

in AD plants.  368 

The researchers highlighted that alternative routes for usage of IH for energy production can be 369 

followed, and that differences among the scenarios were related to conversion efficiency, energy 370 

output and Net Energy Yield (NEY).  371 

Scenarios providing CHP from dry hemp bales had the greatest NEY (approximately 100 GJ/ha), 372 

compared to other dry hemp biomass utilisation options such as heat production from briquettes 373 

and bales. The whole chain, based on generation of biogas from AD of green biomass and utilisation 374 

of it to produce CHP, was found to have the lowest conversion efficiency and the lowest NEY.  375 

In contrast, the highest biomass yield and the highest NEY was from the fresh biomass (harvested 376 

in autumn) with 10.2 tDM/ha that yielded 200-250 GJ/ha., which was in agreement with previous 377 

findings.  378 

The researchers found that the biogas-derived CHP option performed worst due to demands for 379 

higher energy inputs and having lower conversion efficiencies. 380 

Prade et al. (2012) concluded that, overall, hemp produced high quantities of biomass DM and good 381 

NEY/ha. They found that IH provided good energy output-to-input ratios, which significantly 382 

contributed to making it an above-average energy crop. 383 

Based upon these findings, the authors of this literature review concluded that hemp can compete 384 

effectively with most of the common energy crops, in a number of applications.  385 

Industrial hemp is a reliable alternative when energy crops like maize cannot be cultivated 386 

economically or when annual crops are preferable. According to Kreuger et al. (2011b) and Ingrao 387 
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et al. (2015), its use as a predecessor in crop rotation systems and its minimal pesticide 388 

requirements help to make IH a valuable crop in organic farming. 389 

The AD methane productivity is reduced as if inadequate proportions and quantities of nitrogen, 390 

phosphorus and sulphur, are present in the biomass being fermented (Hinken et al., 2008; Pobeheim 391 

et al., 2010; Nges et al., 2012).  392 

In addition to this, the carbon-nitrogen (C:N) ratio is an important parameter for optimal 393 

management of AD-based supply chains: A C:N ratio in the range of 16-20 was  recommended for 394 

the stability of the AD process (Mshandete et al., 2004; Álvarez et al., 2010; Nges et al., 2012).  395 

Such conditions can be achieved by treating a properly-designed mix of substrates, as indicated by 396 

Nges et al. (2012), who investigated the benefits of co-digestion of waste biomasses and energy 397 

crops. For this purpose, Nges et al. (2012) based their assessment upon a full-scale Swedish AD 398 

plant, where there was intense competition for waste biomass streams suitable for AD. In particular, 399 

they documented benefits from adding energy crops like maize, hemp and triticale to a base 400 

feedstock comprised of pig and poultry manure along with waste from slaughterhouses and food 401 

processing activities. Those benefits were related to the possibility of using existing infrastructure, 402 

better efficiency, increased biodegradation, dilution of inhibitory compounds, improved nutrient 403 

balance, and increased biogas production (Nges et al., 2012).  404 

Nges et al. (2012) documented that co-digestion of those biomasses improved the C:N ratio and 405 

reduced the free-ammonia content, which resulted in improved process performance and stability 406 

of the AD.  407 

Co-digestion of energy crops with waste biomass streams were documented to help to eliminate 408 

the need to add micronutrients normally required when energy crops were digested alone. 409 

Furthermore, addition of those energy crops to the basic feedstock (only consisting of industrial 410 

waste made of pig manure, slaughterhouse waste, food processing and poultry waste) resulted in 411 

generating a 30% increase in methane yield (Nges et al., 2012).  412 

The authors of this paper emphasise that it is important, on one side that energy crops have multiple 413 

positive effects for the successful operation of AD plants and on the other side, their production 414 

implies use of land otherwise used to produce food or feed, thereby competing for land needed to 415 

produce human food and animal feed vs energy and biofuels. Therefore, it is important to 416 

investigate the consequences and impacts of the trade-offs such as:  417 

a. Limiting the amount of energy crops produced in a region; 418 

b. Producing food on high quality land using best organic agricultural practices and using some 419 

of the straw and other organic materials from agriculture in the AD-based systems; 420 

c. Replacing energy crops with second and third generation biomass crops, especially when 421 

planted on land that is marginal for agricultural production. Thereby, there can be 422 

improvements in land use efficiency, which should help to minimise the negative indirect 423 

land use changes due to increased land devoted to production of energy crops (Gissén et al., 424 

2014).  425 

d. Additionally, energy crop cultivation in combination with utilisation of agricultural residues 426 

was suggested by Pakarinen et al. (2011) as useful for providing new opportunities for 427 

sustainable growth and for positively influencing the global market for agricultural and 428 

energy products.  429 
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Similarly, Böske et al. (2014) focussed upon different feedstock mixtures obtained by adding animal 430 

bedding materials, such as wheat straw, spruce wood chips, hemp and flax, to a base substrate 431 

characterised by Hay Horse Manure (HHM) or Silage Horse Manure (SHM).  432 

Those materials were added to cover an average of 50% of the dung-based feedstock, with different 433 

organic loading rates based upon a VS-related ratio ranging from 1.6:1 to 2.8:1 (bedding material to 434 

dung).  435 

The study was conducted at the lab scale using an Upflow Anaerobic Solid-State (UASS) reactor 436 

equipped with liquor recirculation, to compare a single-stage with a two-stage UASS system 437 

integrated with an anaerobic filter; and to determine the Biochemical Methane Potential (BMP) of 438 

those mixtures. 439 

The authors documented that horse manure digestion by a mesophilic UASS process is a good way 440 

to perform AD on that organic residue. When adding alternative bedding materials to that basic 441 

feedstock, wheat straw was found to generate the highest BMP (230 Lmethane/kgVS). Hemp showed a 442 

BMP equal to 168 Lmethane/kgVS and was found to be competitive with other feedstocks. It was 443 

documented to produce more methane than flax and far more methane than spruce wood chips.  444 

Böske et al. (2014) confirmed that the organic loading rate influences the solid retention time, and 445 

is a key factor for process performance, whereas, the anaerobic digestion filter did not provide a 446 

significant advantage.  447 

Böske et. al. (2014) highlighted the benefit of using thermophilic instead of mesophilic temperatures 448 

and optimisation of the retention times, independently of the organic loading rates.  They found 449 

that with mesophilic temperatures 58.1% of methane was produced, but 59.8% was produced using 450 

thermophilic temperatures (Böske et al., 2014). In addition to this, in line with their previous study 451 

(Böske et al.,2014), by expanding BMP tests to two types of horse manure and four different bedding 452 

materials, they found the combination of manure+wheat straw to be the one with the highest BMP. 453 

In the light of the above, they concluded that thermophilic UASS process can be key for efficient 454 

energy recovery from straw-based manures. 455 

Adamovičs et al. (2014) investigated the feasibility of using IH in Latvia for production of biogas to 456 

be used in CHP or as methane for other purposes. They evaluated ten IH varieties in two trial years 457 

(2011, 2012), including 'Futura 75' and 'Uso 31', which were tested by the authors for application in 458 

AD installations. ‘Future 75’ was documented to produce 21.27 tDM/ha while ‘Uso 31’ produced 459 

15.01 tDM/h.  460 

Hemp varieties varied in productivity due to varietal differences and due to differences in the soil, 461 

climatic conditions, cultivation practices and NPK fertiliser usage.  Average yields were found to be 462 

12.63 tDM/ha in the study by Balodis et al. (2011) and 17.62 tDM/ha in the study by Adamovičs et al. 463 

(2014).  464 

Adamovičs et al. (2014) documented that all investigated IH varieties (i.e., ‘Bialobrzeskie’, ‘Futura 465 

75’, ‘Fedora 17’, ‘Santhica 27’, ‘Beniko’, ‘Ferimon’, ‘Epsilon 68’, ‘Tygra’, ‘Wojko’, and ‘Uso 31’) are 466 

suitable for biogas production, but that 'Futura75' was the best performing variety among those 467 

tested.,  468 

In agreement with Pakarinen et als’ (2011) findings, Adamovičs et al. (2014) documented that both 469 

the biomass and the biogas yields are affected by particle size. Methane yield from 'Futura 75' was 470 
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reported by Adamovičs et al. (2014) to be equal to 50.92% in the first case (fine size), and 48.11% in 471 

the second case (coarse size).  472 

Methane yield was documented to be approximately 50% by Adamovičs et al. (2014) that was in 473 

agreement with the findings of Böske et al. (2014). 474 

By using those percentages to the biogas yield values calculated by Adamovičs et al. (2014), and 475 

multiplying them by the HHV of methane and by the average dry biomass yield, the MEY was 476 

calculated to be: 208.09 GJ/ha (finely ground IH) vs. 148.15 GJ/ha (coarsely ground IH).  477 

Adamovičs et al. (2014) documented that leaves of IH in the 'Uso 31' variety, are valuable parts of 478 

the hemp plant that are most suited for treatment in AD plants, because leaves contain less cellulose 479 

and lignin and have more juice than the stems (Adamovičs et al., 2014).   480 

Biogas yields from leaves averaged 0.586 Lbiogas/gDM, with a 62.28% methane content: MEY was 481 

equal to 214.36 GJ/ha. However, to make it profitable at the industrial scale, proper mechanisation 482 

and processing systems must be developed and tested, to compare methane yields of foliar and 483 

stems separately. That would help to enhance potential interest in IH as a crop, to provide multiple 484 

products such as: food production (seeds); buildings (fibres and hurds); and biogas-derived energy 485 

(leaves). This could reduce competition for land-use for energy crops and for food and feed crops. 486 

This could help to reduce the net environmental impacts from production of IH. 487 

‘Futura 75' was the hemp variety used by Gissén et al. (2014) in their study designed to compare 488 

life cycle inventory data of supply chains of crops for usage as milled feedstock for biogas-derived 489 

energy systems in southern Sweden. Autumn-harvested hemp was compared with sugar beet, 490 

maize, triticale, winter wheat, and ley. The cultivars of each crop were selected with the focus of 491 

high biomass yields rather than on the quality of foods and feeds; they were ‘Test type’, ‘Arabica’, 492 

‘Tulus’, ‘Mixing’, and ‘Opus’, respectively. For that research, a sugar beet cultivar with low sugar 493 

content and high biomass production was tested by Gissén’s team for biogas production from the 494 

whole plant (beet and tops). The ley was a mix developed at the experimental farm, and consisted 495 

of 25% white and red clover, 50% hybrid ryegrass, and the remainder was a mixture of two 496 

ryegrasses (Gissén et al., 2014).  497 

All of those crops were chosen with the objective of achieving sustainable cultivation for energy 498 

generation purposes through adoption of well-planned crop rotation systems to minimise energy 499 

inputs and to optimise land use efficiency. 500 

Biomass yields of IH, in the period 2007-2010, were found by Gissén et al. (2014) to range between 501 

6.6 and 7.7 tDM/ha (giving an average of 7.15 tDM/ha) which was lower than previously published 502 

values, and lower than the other crops investigated by them.  503 

In particular, the highest yielding crop was found to be sugar beet followed by triticale, with average 504 

values of 21.8 tDM/ha and 15.7 tDM/ha.(Gissén et al. (2014). Similar to hemp, maize showed lower 505 

productivity than the regional averages with values between 9-15 tDM/ha. Ley showed biomass 506 

yields that averaged 9 tDM/ha, while winter wheat’s values ranged 6.2-7.7 tDM/ha and averaged 6.95 507 

tDM/ha, which were comparable to data recorded by Gissén et al. (2014) in the case of hemp.  508 

Gissén et al. (2014) concluded that IH, although generally regarded as a reliable producer of 509 

biomass, was not found, in their research, to be as good a biomass producer as expected. 510 

Energy output expressed as MEY was found by Gissén et al. (2014) to be nearly 75 GJ/ha for hemp, 511 

which was just slightly under half the MEY of the whole sugar beet (160 GJ/ha; the methane yield 512 
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from maize was found to be close to 100 GJ/ha. Triticale and wheat grain had comparable values in 513 

the range 85-90 GJ/ha, while a l value of (80 GJ/ha) was document for ley. 514 

The overall energy input associated with the IH supply chain (cultivation and harvesting, storage, 515 

and transport) was 14.6 GJ/ha, with cultivation and harvesting contributing approximately 70% of 516 

that input (Gissén et al., 2014). However, by allocating the energy inputs of fertilisers, diesel and 517 

machinery, Gissén et al. (2014) found fertilisers contributing 48% of the input costs, thereby, 518 

explaining why hemp had the highest feedstock costs (21.9 €/GJmethane) among the crops 519 

investigated by the authors, which similar to the findings of Barta et al. (2013). 520 

Similarly, Plöchl et al. (2009) assessed the environmental impacts associated with the supply chains 521 

of crops usable in AD for biogas production, by focussing upon energy balance and GHG emissions. 522 

The energy balance was expressed through the Cumulative Energy Demand (CED) indicator, while 523 

the Carbon Footprint (CF) was calculated for computation of GHG-emissions in a 100-year temporal 524 

horizon (expressed as kg CO2 eq). The authors considered a set of biogas crop silages, including 525 

maize and hemp, the cultivation of which was conducted through application of different N-fertiliser 526 

amounts (0, 75, and 150 kg N/ha).  527 

The authors found that hemp biomass yields decreased from 10.7 to 8.8 tDM/ha when the amount 528 

of applied N-fertiliser was reduced from 150 kg/ha to 0, with an intermediate value of 10 tDM/ha in 529 

case of a 75kg/ha of fertilizer applied. Thus, increased DM/ha resulted from increases in quantities 530 

of fertiliser, at least within this range of 0 to 150 kg/ha/year. This finding is in agreement with the 531 

findings of Prade et al. (2011), Adamovičs et al. (2014), and Gissén et al. (2014). However, other 532 

conditions like soil type, the timing and quantity of precipitation and other factors also play crucial 533 

roles. 534 

Additionally, from a methane yield perspective, hemp produced about 50% as much methane as 535 

maize silage: 0.207 vs. 0.406 m3
methane/kgDM. By elaborating those values using methane HHV (39.13 536 

MJ/ m3
methane) and the DM hemp yield (as average of the values associated with the three different 537 

fertilisation regimes), the MEY was calculated in both cases, and resulted in: 79.62 GJ/ha (hemp) vs. 538 

138.21 GJ/ha (maize). The MEY results of hemp were similar to those reported by Gissén et al. 539 

(2014), who found a value of 80 GJ/ha.  540 

As the main result of their study, Plöchl et al. (2009) documented that the hemp supply chain is one 541 

of the most energy demanding chains, especially in case of application of the highest N-fertiliser 542 

rates.  543 

Additionally, Plöchl et al. (2009) found that, reduced N-fertilisation rates reduces biomass and 544 

methane-energy yield but, it significantly reduces the CED and CF, thus highlighting the importance 545 

of trade-offs. They found a decrease: of CED, from 12 GJ/ha to slightly more than 4 GJ/ha; and of 546 

CF, from around 1.4 to 0.3 t CO2 eq.  547 

Energy production results were similar to those obtained by Gissén et al. (2014), who documented 548 

that energy input for producing hemp were reduced by 40%, from 14.6 to 8.76 GJ/ha, when fertiliser 549 

was partly replaced with digestate. 550 

Results from Kreuger et al. (2011b) and Adamovičs et al. (2014) in terms of lignin content influencing 551 

biogas and methane yield, agreed with findings of Schroyen et al. (2015) who investigated the 552 

effects of enzymatic pre-treatments using laccase and peroxidase on diverse plant biomasses. The 553 

authors determined the relations between lignin content and bio-methane production. They found 554 
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that crops such as miscanthus and willow, which contain high lignin contents, usually result in low 555 

MEYs (8.8–141.7 L/kgVS).  556 

In contrast, biomass such as corn stalks, wheat straw, hemp straw, and flax straw had higher MEYs 557 

(241 and 288 L/kgVS), as the consequence of lower lignin content. In this regard, Schroyen et al. 558 

(2015) reported lignin content IH to be 92 g/kgFM, while methane yield ranged between 184-248 559 

L/kgVS, depending upon whether samples were or were not enzymatically pre-treated for 6 and 24 560 

h.  561 

Schroyen et al. (2017) documented the effects of different concentrations (up to 2000 mg/L) of a 562 

series of selected phenolic compounds on the activity of lignin degrading enzymes like laccase and 563 

peroxidase, and how they affect biogas production in AD. They confirmed that phenolic compounds, 564 

especially if in high concentrations, are toxic for the bacteria performing the AD, thus inhibiting the 565 

AD processes.  For example, they found that by increasing the phenolic concentration from 100 to 566 

2000 mg/L, an increased inhibition of production of methane resulted. In agreement with those 567 

findings, Schroyen et al. (2017) found that IH produced more methane than miscanthus, mainly due 568 

to its lower lignin content: 92 vs. 120 g/kgFM (Schroyen et al., 2015, 2017): additionally, a decrease 569 

in biogas was observed in samples with a 2000mg/L concentration of phenolic compounds 570 

(Schroyen et al., 2017). During the AD, the composition of biogas was measured three times (after 571 

11, 21 and 30 days): no differences in methane yield were observed. According to Schroyen et. al. 572 

(2017), this indicates that the phenolic compounds have an impact on the amount of biogas 573 

produced. 574 

Furthermore, to measure the detoxifying potential of laccase enzymes, biogas production 575 

associated with biomass samples (IH vs. miscanthus) supplemented with different phenolic-576 

compound concentrations was measured with and without addition of those enzymes. 577 

The research confirmed the detoxification effects of the enzymes, as they removed almost 80% of 578 

the added phenolic compounds, thereby, documenting the benefits of their usage in incubation 579 

treatments to remove the toxic effects of the phenolic compounds.  580 

Overall, the impact on the total biogas production over 30 days of testing was not significant, as the 581 

microbial community adapted to the new environment and overcame the initial phenolic 582 

compound-based inhibition (Schroyen et al., 2017). Both Schroyen et al. (2015) and Schroyen et al. 583 

(2017) highlighted the importance of optimising enzymatic pre-treatments to have a greater impact 584 

on the lignin degradation and on increasing the methane generation by better fulfilling the needed 585 

substrate features of the substrate such as the lignin concentration, which has a large negative 586 

impact on methane yield, that is dependent upon the types and quantities of phenolic compounds 587 

released (Schroyen et al., 2015). In this regard, Schroyen et al. (2015) suggested to break down the 588 

lignin barrier and diminish the lignin concentration, to improve BMP and related production rate. 589 

Schroyen et al. (2015) state that enzymatic pre-treatment can help to degrade the matrix, but they 590 

suggest to optimise it as much as possible to have greater, positive impacts on lignin degradation 591 

and BMP. 592 

Schroyen et al. (2018) developed an AD model where those and related issues were addressed by 593 

treating a set of seven different biomass substrates.  594 

They found that ensilaged maize is the substrate with the highest BMP values (413.9 L/kgVS) while a 595 

value of 237.8 L/kgVS was found for IH and so was between wheat straw (247.1 L/kgVS) and flax straw 596 
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(233.1 L/kgVS), with corn stove exhibiting a good performance which was estimated by the authors 597 

in 242.4 L/kgVS.  598 

In contrast, miscanthus exhibited a lower BMP (144.5 L/kgVS), mainly due to the higher inhibition in 599 

AD compared to IH. The model showed that a good prediction of BMP can be achieved without 600 

excessive characterisation of the substrate, as only the lignin content is crucial.  Therefore, it is 601 

essential that the lignin content is considered in the implementation, testing and analysis of AD 602 

systems. 603 

 604 

4. Discussion of findings from the scientific articles reviewed 605 

 606 

This section is dedicated to reporting the main information derived from the selected papers, 607 

though it should be underscored that just AD-plants related results were extrapolated from those 608 

papers, to be consistent with the objective of this literature review (Table 1). 609 

From Table 1, the authors of this literature review found that most of the authors focussed upon IH 610 

biomass as the sole feedstock, in comparison with other energy crop biomasses, like maize, sugar 611 

beet, and wheat. 612 

Overall, the authors of the studies reviewed highlighted that IH is a slender and annual herbaceous 613 

crop producing biogas-yielding biomass competitively with energy crops but, on average, with a 614 

lower environmental impact. This is mainly because, as Barta et al. (2013) stated, it presents several 615 

advantages over those crops like the possibility of being cultivated with relatively low quantities of 616 

nitrogen and no pesticides. However, with regard to this point, it is worth underscoring that Plöchl 617 

et al. (2009) highlighted IH biomass yield as decreasing with the decrease in N-fertiliser application, 618 

thereby emphasising upon the need to find viable, sustainable trade-offs between production rates 619 

and application demands. Another advantage was highlighted by Kreuger et al. (2011b) and Prade 620 

et al. (2012) and is about IH being characterised by a low susceptibility to pests and diseases, which 621 

makes it a suitable candidate in rotation with food and feed crops, especially under organic farming 622 

conditions. In addition to this, increased IH cultivation was documented as enhancing bio-diversity 623 

of crops and thus, can help to develop integrated bio-economies, in which ecosystem services other 624 

than feedstock supply are important (Barta et al., 2013). This agrees with findings from Troiano et 625 

al. (2019) who underscored the need to focus upon the multifunctional roles of agriculture and 626 

horticulture for helping to ensure provision of a broad array of valuable services, such as: landscape 627 

maintenance; soil conservation; sustainable management of renewable environmental resources; 628 

preservation of biodiversity; and contributions to rural, socio-economic development. In this regard, 629 

another important advantage was emphasised by Burczyk et al. (2008) and Kumar et al. (2017) and 630 

regards IH helping to remediate soils contaminated by heavy metals, while delivering the biomass 631 

products reported above. This is because it acts as a phyto-remedial agent that extracts and 632 

accumulates large amounts of heavy metals, like cadmium, lead, copper, and mercury, thereby, 633 

helping to restore agricultural productivity of those soils and reducing the negative impacts of the 634 

heavy metals in the animal and human food chain. 635 

Among the studies reviewed, Nges’s et al. (2012) and Böske’s et al. (2014) were the only authors 636 

who addressed relevant issues associated with co-digestion of a waste-biomass feedstock with 637 

alternative bedding materials or energy crops. Most of the studies focussed upon AD as the sole 638 
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treatment for IH biomass, both in lab- and industrial-scale conditions, while Kreuger et al. (2011b) 639 

and Barta et al. (2013) investigated and compared complex systems thereby, providing an 640 

intermediate step of AD, to highlight the benefits of: steam pre-treatment of the biomass; co-641 

production of methane and ethanol, and biogas, ethanol and electricity and heat; and recycling of 642 

the liquid fraction within the AD plant. 643 

Yield values were found as to be affected by soil and climate conditions of the area where the hemp 644 

was grown. The N-fertilisation rates, harvesting time, varieties and parts (i.e. stalks, or leaves) of 645 

hemp plants that are treated, and both technological and operational issues related to the AD 646 

systems were important variables, which influenced methane yields from the AD processing of IH.  647 

The harvesting time influences the DM and VS content which Kreuger et al. (2011a) documented as 648 

varying from 20.33%FM to 33.07%FM and from 89.36%DM to 94%DM with a growing tendency from 649 

July to October. Based upon selected articles, the following yield ranges were obtained: biomass 650 

yield (6.6-21.27 tDM/ha); biomass energy yield (200-300 GJ/ha); and methane energy yield (79.32-651 

214.36 GJ/ha).  652 

In agreement with findings reported by Ingrao et al. (2018a), other factors influenced IH’s methane 653 

yields, such as the design of the AD plant, according to which not only the feedstock was prepared 654 

but, also, the treatment technology was chosen and combined with up- and down-stream 655 

treatments. In this regard, CHP production is clearly affected by the type of cogeneration systems 656 

used and their energy efficiencies. In this regard, Prade et al. (2012) indicated that approximately 657 

90 TJ of biogas is combusted in a CHP plant/yr., with a total annual production of 30 TJe and 40 TJt, 658 

with the remaining 20TJ being waste as the consequence of the cogeneration plant inefficiency. 659 

Other studies including biogas utilisation in the hemp supply chain investigated were those from:  660 

• Kreuger et al. (2011b), who documented that co-production of ethanol and methane from 661 

steam pre-treated hemp stems is capable of providing more than twice the energy yield of 662 

transportation fuel than ethanol production from hexoses alone, mainly because of the 663 

enzymes and yeast added during ethanol production, to convert the ethanol to methane; 664 

and 665 

• Barta et al. (2013), who highlighted production prices of methane and ethanol from hemp 666 

influencing the process economics more than those of electricity and district heat, and so 667 

suggested that the use of cheaper and higher yielding feedstocks or the combined 668 

production of higher value products together with ethanol and biogas to better amortise the 669 

costs. 670 

All the remaining studies were focussed upon the AD processes and provided characterisation and 671 

testing (both at the lab- and industrial-scale) of hemp biomass, under different farming and 672 

harvesting conditions, to contribute to enhancement of the knowledge on its suitability as an AD 673 

feedstock. Schroyen et al. (2015, 2017, 2018) went further by investigating the inhibitory effects of 674 

various phenolic compounds on AD of hemp straw, and on the detoxification effects that can be 675 

obtained by providing a pre-treatment based upon application of veratryl alcohol and laccase 676 

enzyme. As the final step of their research, they created an AD model to account for and to build 677 

upon those and related issues.  678 

 679 
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Table 1 680 

The selected papers are listed based upon a set of aspects related to research conducted, AD-based system investigated, yields, and main findings. Furthermore, further 681 

clarifications on those papers were given to integrate what was discussed in section 3 of this paper. 682 

Team of 

authors 

Brief description of the 

research conducted 

Study 

area 

Feedstock Information on the AD-based system 

considered 

Information on yields calculated by the 

authors and related to hemp AD 

systems. Values were extrapolated 

from the paper and were related just to 

IH treatment. 

Overall description of findings 

from the given study, and/or 

additional clarification comments 

as needed to integrate what 

already discussed in section 3. 

AD 

alone 

AD, as part 

of a more 

complex 

system 

Comparison 

among treatment 

scenarios and/or 

biomasses 

DM yield 

(t/ha) 

Energy 

content 

in the 

biomass 

(BEY, 

NEY) –

GJ/ha 

MEY 

(GJ/ha) 

2009 

Plöchl et 

al. 

The study is focussed  

upon assessment of 

the environmental 

impact associated with 

an AD-based supply 

chain 

Germany Hemp X n. a.  X  

 

 

 

Comparison with 

other energy 

crops like winter 

rye and winter 

barley, triticale, 

and maize 

8.8-10.7  79.62 (*) (*) That value was elaborated 

from a methane yield of 0.207 

m3/kgDM, calculated by the 

authors. 

The authors documented a 20% 

decrease when upscaling results 

(0.259 m3/kgDM) from the lab-

scale experiment. 

 

 

2011 

Prade et 

al. 

Estimation of hemp 

energy yield, as 

cultivated for energy 

purpose under cold 

climate conditions in 

Northern Europe and 

with different amounts 

of fertiliser applied.  

Sweden Hemp X n. a n. a 14.4  296 n. a. Two harvesting times were 

considered based whether hemp 

is utilised for production of biogas 

or solid biofuel. A three-year 

cultivation campaign was 

considered by the authors. 

Values alongside are averages of 

those obtained by the authors 

from conducted analyses. 
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Through their study, the authors 

documented that BEY of hemp 

was similar to that of maize and 

sugar beet and 24 and 14% 

greater than that of lucerne and 

clover-grass ley. 

Kreuger et 

al. (a) 

The MEY from IH AD 

was determined in this 

study at four harvest 

times (in the period 

July – October) through 

the biochemical BMP 

test, starting from 

computation of the 

biomass yield. 

Sweden Hemp X n. a n. a 15.6 

(±1.5) 

286 

(±27) 

136 (±24) Those alongside are average 

values related to harvesting as 

carried out in the period 

September-October, and can be 

considered as the highest 

obtainable ones. 

Based upon results from their 

study, the authors found no 

significant differences in specific 

methane yield, based upon the 

harvest time: the average value 

found was equal to 234±35 m3/tVS. 

Kreuger et 

al. (b) 

Several scenarios for 

ethanol production, 

methane production 

and co-production of 

this, using autumn-

harvested dry hemp 

biomass were 

investigated and 

compared in this study 

in terms of gross 

energy input, also to 

highlight benefits from 

potential steam pre-

treatment. 

Sweden Hemp n. a X X 16 n. a n. a Co-production of ethanol and 

methane from steam pre-treated 

stems gave a high yield of 

transportation fuel, 11.1–11.7 

MJ/kg processed stem dry matter 

(DM); more than twice that of 

ethanol production alone from 

hexoses, 4.4–5.1 MJ/kg processed 

stem DM. Co-production from the 

whole hemp plant would give 

2600–3000L ethanol and 2800–

2900 m3 methane. In total, 

171–180 GJ would be obtained 

per 10,000 m2 of agricultural land, 

based on a biomass yield of 16 tDM 

Balodis et 

al. 

The research was 

conducted to test the 

comparative biogas 

Latvia Hemp X n. a X  

 

 

10.70-

14.20 

(average: 

12.63) 

n. a. 111-122 

(average) 

The comparative biomass-yield of 

the eight IH varieties considered. 

The two different values for MEY 

are related to different harvest 



20 
 

yields of eight IH 

varieties. 

Comparison with 

amaranth, 

sunflower, 

millets, hemp, 

rape and maize 

times: October, and September, 

respectively. 

Pakarinen 

et al. 

Assessment of the 

suitability of diverse 

annual plant species as 

dedicated biomass 

crops for biogas and 

ethanol production. 

Finland Hemp X n. a X  

 

 

Comparison with 

maize and fava 

bean 

15 n. a.  108 -137 The types of biomasses were 

tested in the digester separately 

and the results were compared.  

Differences in MEY values were 

attributed to whether hemp was 

chopped finely or coursely. 

2012 

Prade et 

al. 

The researchers 

compared NEYs and 

energy output-to-input 

ratios for production of 

heat, electricity, CHP 

and transportation fuel 

from IH biomass, under 

different scenarios. 

Sweden Hemp X n. a. X 10.2 200-

250 

83.42 (**) (**) This value was not directly 

included in the paper of Prade et 

al. (2012). However, it was 

calculated based upon the specific 

methane yield (0.22 m3/kgVS) and 

VS content that,  were reported in 

the paper. The methane HHV was 

used for computation. 

Finally, with regard to the energy 

input-to-output ratio, the authors 

documented that the scenario for 

production of biogas from AD for 

subsequent conversion into CHP 

or into vehicle fuel produced 

some of the lowest ratios. This 

was attributed to high energy 

inputs and rather low conversion 

efficiencies. 

Nges et al. The authors studied 

the feasibility of 

supplementing a 

protein/lipid-rich 

industrial waste 

mesophilic anaerobic 

digester with 

Sweden Pig and poultry 

manure along 

with waste from 

slaughterhouses 

and food 

processing 

activities co-

X n. a.  X 

Comparison with 

other energy 

crops such as 

maize and 

triticale 

 

n. a. n. a.  n. a.  The study was conducted in 

laboratory scale batch and 

continuous stirred tank reactors 

(CSTR) with the plan to scale-up to 

commercial biogas process. 

The authors documented that, by 

adding energy crops to existing 
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carbohydrate-rich 

energy crops 

digested with 

alternative 

energy crops 

(i.e. maize, 

hemp, and 

triticale). 

 

 

 

 

 

 

 

 

 

 

industrial waste supplements in 

AD, both methane yield and 

methane energy production 

increased significantly, from 46 to 

59 Nm3/tWW and from 26 to 47 

GWh/y. 

The authors reported that, 

considering that the economy of 

crop-based biogas production is 

limited under Swedish conditions, 

their approach could be a viable 

alternative for ensuring 

constant/reliable supplies of 

feedstock to AD plants. 

2013 

Barta et al. The researchers 

integrated the results 

of Kreuger's et al. 

(2011b) and Prade et 

al. (2012)  with an 

additional economic 

analysis of heat 

demand, energy 

efficiency, and process 

economics in terms of 

annual cash flows and 

minimum selling prices 

for biogas and 

methane 

Sweden Hemp n. a X X 10.2 (***) n. a. n. a.  The researchers documented  that 

none of the technological 

processes considered is 

economically viable, because the 

energy output 60-84% of the 

energy input. 

 

 

 

 

 

(***) as of Prade et al. (2012) 

2014 

Böske et 

al. 

The study was 

performed at lab scale, 

to investigate the use 

of up-flow anaerobic 

solid-state digestion   

Germany Horse manure 

co-digested 

with alternative 

bedding 

materials. 

X n. a. X 

 

 

 

 

 

 

n. a. n. a. n. a. The researchers found that the 

highest methane yields were 

obtained when wheat straw was 

added to the basic feedstock, with 

values equal to an average of 

nearly 230 Lmethane/kgVS. 
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Comparison with 

alternative 

solutions of 

bedding 

materials, like 

wheat and hemp 

straw 

 Hemp was confirmed to be a  

competitive alternative when 

biomasses like wheat straw were 

not available.  

Hemp methane yield about 168 

Lmethane/kgVS 

Adamovičs 

et al. 

The authors reported 

on research to test the 

suitability of different 

IH varieties for biogas 

production 

Latvia Hemp X n. a. n. a. 14.55-

21.27 

n. a. a) 148.15-

208.09  

 

 

b) 214.36 

The range of biomass yields was 

varied among the  hemp varieties 

investigated. Each value was 

provided as the average of the 

cultivation period (2011-2012). 

With regard to methane yield, 

values at point a) refer to values 

obtained from 'Futura 75', 

whether the biomass is milled 

coarsely or finely. While, the 

values at point b) refers to 

chopped leaves from 'Uso 31'. 

Gissén et 

al.  

Presented new and 

dedicated life cycle 

inventory data for 

production and supply 

of biogas crops. 

Sweden Hemp X n. a. X  

 

 

 

 

 

 

 

Compared to 

other crops like 

maize and sugar 

beet 

6.6-7.7 n. a. 80 The authors calculated that the 

feedstock costs were so high that 

they were not profitability for 

biogas production based solely 

upon ensiled crops, due to the 

light of the Swedish biogas selling 

price. This is in line with Barta et 

al. (2013) who, in fact, 

recommended other solutions like 

maximisation of output yields in a 

cascade-based system. 

2015 

Schroyen 

et al. 

In this paper, the 

authors studied the 

effect of an enzymatic 

pre-treatment on 

Belgium Hemp X n. a. X 

 

 

 

n. a. n. a. n. a. As specified by the authors in their 

paper, the enzymes utilised were 

laccase and versatile peroxidase, 

as derived from Trametes 
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biomass samples from 

a set of plant species. 

 

 

 

Compared to 

other crops like 

maize and sugar 

beet 

versicolor and Bjerkandera 

adusta. 

Methane yield was found by the 

authors in the range 184.1 – 248 

L/kgVS. 

2017 

Schroyen 

et al. 

The inhibiting effect of 

various phenolic 

compounds on AD of 

hemp straw and 

miscanthus, and the 

related mitigation 

solutions, were studied 

by the authors. 

Belgium Hemp X n. a.  X  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Comparison to 

miscanthus 

n. a. n. a. n. a. To integrate what has already 

been discussed in section 3 on this 

paper, the authors found that, per 

each phenolic compound 

concentration chosen (0-2000 

mg/L), enzyme-treated hemp 

performs better than the 

untreated one, in terms of 

methane yield. In particular, the 

highest yield was found in 

untreated samples with no 

phenolic-compound addition. 

Highly comparable yield values (in 

the around of 12 L/kgVS/d) were 

found for treated samples at both 

0 and 500mg/L concentration. The 

major detoxifying effect through 

enzyme treatment was exhibited 

at a 2000 mg/L addition rate.   

However, a decrease in methane 

yield was recorded by the authors 

for both untreated and treated 

samples going from 0 to 2000 

mg/L concentrations of phenolic 

compounds. Overall, methane 

yield was in the range 9-12 

L/kgVS/d. 

2018 
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Schroyen 

et al. 

In this study,  an 

anaerobic digestion 

model  was developed 

to duly take into 

account. 

Belgium Hemp X n. a. x  

 

 

 

 

Comparison to 

other crops 

including 

ensilaged maize, 

flax straw, and 

miscanthus 

n. a. n. a. n. a. The biomethane production and 

hydrolysis rate of seven different 

substrates were described and 

simulated by the authors.  

The study highlighted the 

important role that is covered by 

the hydrolysis rate and the need 

to explore factors like inhibitors 

and substrate types that influence 

that hydrolysis step. 

n.a. stands for ‘no applicable’. With regard to yield information, it should be intended as ‘not specified in the paper’. 

683 
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5. Conclusions, challenges and future prospects 684 

This literature review achieved the author team’s goals to develop an overview that highlighted the 685 

technological, energy, and environmental issues of IH AD-based systems, by summarising the 686 

knowledge in the field. Some relevant research has been developed thus far in this content area 687 

but, according to the authors, a lot more is expected in the future to address and build upon 688 

potentials for improvement and innovation. 689 

The study was focussed upon AD of IH: because AD is accepted as the primary technology to derive 690 

energy and nutrients from biomass; and because hemp was documented to be a versatile crop for 691 

a wide range of applications. Hence, the authors' interest to explore its application as fresh biomass 692 

for biogas production in AD plants.  693 

Based upon the findings of the review conducted, AD of IH biomass emerged to be a promising, 694 

effective technology for production of renewable energy sources, with yields that were highly 695 

competitive in comparison with those of the commonly-used energy crops.  696 

In addition, this review contributed to the understanding of the diversity of the methane yielding 697 

parts of the IH plants, with fresh leaves yielding the highest quantities per unit DM. Appropriate 698 

harvesting methods to obtain the leaves are needed to take advantage of that valuable part of the 699 

IH, which is currently seen and treated as a residual biomass from IH cultivation and harvesting. 700 

Such a methodological improvement could make it possible to produce biogas energy without 701 

competing with the production of foods and feeds, as well as with other important applications for 702 

the greening of downstream sectors where the remaining parts of the hemp plant can be utilised. 703 

By doing so, in line with the principles of a circular bio-economy, the leaves would be treated to 704 

capture their greater methane production value, compared to the current practices. IH production 705 

can be done on marginal land and therefore, it does not compete for land for food-and-feed. 706 

According to the authors, this is one great finding of the review study conducted, as it can really 707 

contribute to filling the existing gap in the current knowledge on IH plant and on the application 708 

paths that each composing part of it can follow, thereby stimulating further research in the field. It 709 

would be desirable, however, that land usage practices were organised to best meet the demands 710 

of producing foods, feeds, materials and energy commodities, while protecting ecosystems to 711 

sustainably provide dynamic services for the long-term future.  712 

According to the authors of this review, such multi-functional systems can be achieved by setting 713 

priorities in land usage and, in doing so, tools like Life Cycle Assessment (LCA) and Life Cycle 714 

Sustainability Assessment (LCSA) and other tools can be used to help to ensure that those priorities 715 

are identified and implemented in responsible, equitable, and sustainable ways for the short and 716 

long-term future. 717 

Other challenges are connected with farming practices, like fibres wrapping around moving parts in 718 

the combine harvesting, or seeds cracking during drying after harvesting. So, it is important to 719 

identify the optimal use of those practices to preserve the functions that IH was planted to 720 

accomplish: for instance, for the integrity and quality of seeds, aeration systems should be preferred 721 

to auger-equipped dryers.  722 

Additionally, time of harvest was documented to be an important factor to be considered in the 723 

agronomic design and growing of IH plantations, as it influences biomass and methane of IH when 724 

used as green feedstock in AD systems. 725 
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It is hoped that this review will be useful to readers for deepening their knowledge on IH-based AD 726 

systems and about related issues. Hopefully, this review will contribute to creating a platform from 727 

which to expand research on improving AD systems designed to treat green IH biomass. 728 

Limitations were found in seeking to extrapolate information and production values from the papers 729 

reviewed, due to their absence or to the way they were presented, thus making evaluations and 730 

comparisons difficult to make without additional elaborations.  731 

Furthermore, the number of papers used for this study may be judged as relatively low, but that can 732 

be understood due to: 733 

a. the topic chosen was not previously widely researched, although it is highly relevant and 734 

promising; 735 

b. the impossibility to accessing some relevant papers that were identified. 736 

Finally, this review provided insights about the relevant literature, that is rich in studies addressing 737 

technological and energy related issues of IH AD-based supply chains; future research is needed to 738 

address unsolved challenges and advances for improvement and revitalisation of hemp SCs.  739 

The literature was deficient on studies exploring environmental and socio-economic sustainability 740 

of supply chains of IH. As a matter of fact, most studies only addressed part of the chains or just one 741 

environmental impact indicator, so making an urgent need for studies covering the entire chains 742 

including the economic, ecological, and technological costs and benefits of IH in AD systems, 743 

highlighting ways to contribute to reducing emissions of GHGs and of other harmful pollutants.  744 

There is also an urgent need for studies to investigate this field of research and to contribute to in-745 

depth assessments of the sustainability of the use of IH as an AD feedstock in comparison with the 746 

currently, utilised energy crops. Doing so will help scientists, engineers, educators, company leaders 747 

and governmental policy makers to develop more sustainable energy generation routes to help to 748 

accelerate the transition to post-fossil-carbon societies that are sustainable in integrated, holistic 749 

ways for the short and long-term future. The authors of this review, hope that the findings will help 750 

to stimulate further research in these areas. 751 

 752 

Acknowledgements 753 

Dr. Carlo Ingrao wishes to warmly thank my co-authors for collaborating effectively in the design 754 

and development of the study, by providing valuable advice and by performing multiple step-by-755 

step revisions of this manuscript. Additional thanks go to Dr. Francesca Valenti for being 756 

corresponding author of this paper. 757 

Furthermore, he deeply thanks Prof. Donald Huisingh, for his key contributions for development of 758 

the study and for his multiple, in-depth revisions of this manuscript. 759 

 760 

References 761 

 762 

Adamovičs, A., Dubrovskis, V., Platače, R., 2014. Productivity of industrial hemp and its utilisation 763 

for anaerobic digestion. WIT Transactions on Ecology and the Environment 2, 1045-1055. 764 

Álvarez, J.A., Otero, L., Lema, J.M., 2010. A methodology for optimising feed composition for 765 

anaerobic co-digestion of agro-industrial wastes. Bioresource Technology 101, 1153-1158. 766 



27 
 

Bacenetti, J., Lovarelli, D., Ingrao, C., Tricase, C., Negri, M., Fiala, M., 2015. Assessment of the 767 

influence of energy density and feedstock transport distance on the environmental performance 768 

of methane from maize silages. Bioresource Technology 193, 256-265. 769 

Balodis, O., Bartuševics, J., Gaile, Z., 2011. Biomass yield of different plants for biogas production. 770 

Vide. Tehnologija. Resursi - Environment, Technology, Resources 1, 238-245. 771 

Barta, Z., Kreuger, E., Björnsson, L., 2013. Effects of steam pre-treatment and co-production with 772 

ethanol on the energy efficiency and process economics of combined biogas, heat and electricity 773 

production from industrial hemp. Biotechnology for Biofuels 6(1), 56. 774 

Börjesson, P., Tufvesson, L.M., 2011. Agricultural crop-based biofuels – resource efficiency and 775 

environmental performance including direct land use changes. Journal of Cleaner Production 776 

19(2-3), 108-120. 777 

Böske, J., Wirth, B., Garlipp, F., Mumme, J., Van den Weghe, H., 2014. Anaerobic digestion of horse 778 

dung mixed with different bedding materials in an upflow solid-state (UASS) reactor at mesophilic 779 

conditions. Bioresource Technology 158, 111-118. 780 

Böske, J., Wirth, B., Garlipp, F., Mumme, J., Van den Weghe, H., 2015. Upflow anaerobic solid-state 781 

(UASS) digestion of horse manure: Thermophilic vs. mesophilic performance. Bioresource 782 

Technology 175, 8-16. 783 

Burczyk, H., Grabowska, L., Koodziej, J., Strybe, M., 2008. Industrial hemp as a raw material for 784 

energy production. Journal of Industrial Hemp 13(1), 37-48. 785 

Collet, P., Flottes, E., Favre, A., Raynal, L., Pierre, H., Capela, S., Peregrina, C., 2017. Techno-economic 786 

and Life Cycle Assessment of methane production via biogas upgrading and power to gas 787 

technology. Applied Energy 192, 282-295. 788 

Evangelisti, S., Clift, R., Tagliaferri, C., Lettieri, P., 2017. A life cycle assessment of distributed energy 789 

production from organic waste: Two case studies in Europe. Waste Management 64. 371-385. 790 

Gissén, C., Prade, T., Kreuger, E., Nges, I.A., Rosenqvist, H., Svensson, S.-E., Lantz, M., Mattsson, J.E., 791 

Börjesson, P., Björnsson, L., 2014. Comparing energy crops for biogas production - Yields, energy 792 

input and costs in cultivation using digestate and mineral fertilisation. Biomass and Bioenergy 64, 793 

199-210. 794 

Hinken, L., Urban, I., Haun, E., Urban, I., Weichgrebe, D., Rosenwinkel, K.H., 2008. The valuation of 795 

malnutrition in the mono-digestion of maize silage by anaerobic batch tests. Water Science and 796 

Technology 58(7), 1458–1459. 797 

Ingrao, C., Bacenetti, J., Adamczyk, J., Ferrante, V., Messineo, A., Huisingh, D., 2019. Investigating 798 

energy and environmental issues of agro-biogas derived energy systems: A comprehensive 799 

review of Life Cycle Assessments. Renewable Energy 136, 296-307. 800 

Ingrao, C., Bacenetti, J., Bezama, A., Blok, V., Goglio, P., Koukios, E.G., Lindner, M., Nemecek, T., 801 

Siracusa, V., Zabaniotou, A., Huisingh, D., 2018b. The potential roles of bio-economy in the 802 

transition to equitable, sustainable, post fossil-carbon Societies: Findings from this virtual special 803 

issue. Journal of Cleaner Production 204, 471-488. 804 

Ingrao, C., Faccilongo, N., Di Gioia, L., Messineo, A., 2018a. Food waste recovery into energy in a 805 

circular economy perspective: A comprehensive review of aspects related to plant operation and 806 

environmental assessment. Journal of Cleaner Production 184, 869-892. 807 



28 
 

Ingrao, C., Lo Giudice, A., Bacenetti, J., Tricase, C., Dotelli, G., Fiala, M., Siracusa, V., Mbohwa, C., 808 

2015. Energy and environmental assessment of industrial hemp for building applications: A 809 

review. Renewable and Sustainable Energy Reviews 51, 29-42. 810 

Kreuger, E., Prade, T., Escobar, F., Svensson, S.-E., Englund, J.-E., Björnsson, L., 2011a. Anaerobic 811 

digestion of industrial hemp - Effect of harvest time on methane energy yield per hectare. 812 

Biomass and Bioenergy 35, 893-900. 813 

Kreuger, E., Sipos, B., Zacchi, G., Svensson, S.-E., Björnsson, L., 2011b. Bioconversion of industrial 814 

hemp to ethanol and methane: The benefits of steam pre-treatment and co-production. 815 

Bioresource Technology 102(3), 3457-3465. 816 

Kumar, S., Singh, R., Kumar, V., Rani, A., Jain, R., 2017. Cannabis sativa: A plant suitable for 817 

Phytoremediation and bioenergy production. In: Bauddh, K., Singh, B., Korstad, J. (Eds.), 818 

Phytoremediation Potential of Bioenergy Plants. Springer, Singapore, pp. 269-285. 819 

Lamnatou, C., Nicolaï, R., Chemisana, D., Cristofari, C., Cancellieri, D., 2019. Biogas production by 820 

means of an anaerobic-digestion plant in France: LCA of greenhouse-gas emissions and other 821 

environmental indicators. Science of the Total Environment 670, 1226-1239. 822 

Mshandete, A., Kivaisi, A., Rubindamayugi, M., Mattiasson, B., 2004. Anaerobic batch co-digestion 823 

of sisal pulp and fish wastes. Bioresource Technology 95, 19–24. 824 

Nag, R., Auer, A., Markey, B.K., Whyte, P., Nolan, S., O'Flaherty, V., Russell, L., Bolton, D., Fenton, O., 825 

Richards, K., Cummins, E., 2019. Anaerobic digestion of agricultural manure and biomass – Critical 826 

indicators of risk and knowledge gaps. Science of the Total Environment 690, 460-479 827 

Nayal, F.S., Mammadov, A., Ciliz, N., 2016. Environmental assessment of energy generation from 828 

agricultural and farm waste through anaerobic digestion. Journal of Environmental Management 829 

184, 389-399. 830 

Nges, I.A., Escobar, F., Fu, X., Björnsson, L., 2012. Benefits of supplementing an industrial waste 831 

anaerobic digester with energy crops for increased biogas production. Waste Management 32, 832 

53-59. 833 

Pakarinen, A., Maijala, P., Stoddard, F.L., Santanen, A., Tuomainen, P., Kymäläinen, M., Viikari, L., 834 

2011. Evaluation of annual bioenergy crops in the boreal zone for biogas and ethanol production. 835 

Biomass and Bioenergy 35, 3071–3078. 836 

Pakarinen, O., Lehtomäki, A., Rissanen, S., Rintala, J., 2008. Storing energy crops for methane 837 

production: Effects of solids content and biological additive. Bioresource technology 99, 7074-838 

7082. 839 

Plöchl, M., Heiermann, M., Linke, B., Schelle, H., 2009. Biogas Crops – Part II: Balance of Greenhouse 840 

Gas Emissions and Energy from Using Field Crops for Anaerobic Digestion. Agricultural 841 

Engineering International: the CIGR Ejournal. Manuscript number 1086. Vol. XI. Month, 2009. 842 

Pobeheim, H., Munk, B., Johansson, J., Guebitz, G.M., 2010. Influence of trace elements on methane 843 

formation from a synthetic model substrate for maize silage. Bioresource Technology 101, 836–844 

839. 845 

Prade, T., Svensson, S.-E., Andersson, A., Mattsson. J.E., 2011. Biomass and energy yield of industrial 846 

hemp grown for biogas and solid fuel. Biomass and Bioenergy 35, 3040-3049. 847 

Prade, T., Svensson, S.-E., Mattsson, J.E., 2012. Energy balances for biogas and solid biofuel 848 

production from industrial hemp. Biomass and Bioenergy 40, 36-52. 849 



29 
 

Rana, R., Ingrao, C., Lombardi, M., Tricase, C., 2016. Greenhouse gas emissions of an agro-biogas 850 

energy system: Estimation under the Renewable Energy Directive. Science of the Total 851 

Environment 550, 1182-1195. 852 

Rehman, M.S.U., Rashid, N., Saif, A., Mahmood, T., Han, J.-I., 2013. Potential of bioenergy 853 

production from industrial hemp (Cannabis sativa): Pakistan perspective. Renewable and 854 

Sustainable Energy Reviews 18, 154-164. 855 

Schluttenhofer, C., Yuan, L., 2017. Challenges towards Revitalizing Hemp: A Multifaceted Crop. 856 

Trends in Plant Science 22(11), 917-929. 857 

Schroyen, M., Van Hulle, S.W.H., Holemans, S., Vervaeren, H., Raes, K., 2017. Laccase enzyme 858 

detoxifies hydrolysates and improves biogas production from hemp straw and miscanthus. 859 

Bioresource Technology 244, 597-604. 860 

Schroyen, M., Vervaeren, H., Raes, K., Van Hulle, S.W.H., 2018. Modelling and simulation of 861 

anaerobic digestion of various lignocellulosic substrates in batch reactors: Influence of lignin 862 

content and phenolic compounds II. Biochemical Engineering Journal 134, 80-87. 863 

Schroyen, M., Vervaeren, H., Vandepitte, H., Van Hulle, S.W.H., Raes, K., 2015. Effect of enzymatic 864 

pre-treatment of various lignocellulosic substrates on production of phenolic compounds and 865 

biomethane potential. Bioresource Technology 192, 696-702. 866 

Selvaggi, R., Valenti, F., Pappalardo, G., Rossi, L., Bozzetto, S., Pecorino, B., Dale, B.E., 2018. 867 

Sequential crops for food, energy, and economic development in rural areas: the case of Sicily. 868 

Biofuels, Bioproducts and Biorefining 12(1), 22-28. 869 

Sundaram, S., Kolb, G., Hessel, V., Wang, Q., 2017. Energy-Efficient Routes for the Production of 870 

Gasoline from Biogas and Pyrolysis Oil - Process Design and Life-Cycle Assessment. Industrial and 871 

Engineering Chemistry Research 56(12), 3373-3387. 872 

Troiano, S., Novelli, V., Geatti, P., Marangon, F., Ceccon, L., 2019. Assessment of the sustainability 873 

of wild rocket (Diplotaxis tenuifolia) production: Application of a multi-criteria method to 874 

different farming systems in the province of Udine. Ecological Indicators 97, 301-310. 875 

Valenti, F., Liao, W., Porto, S.M.C., 2018b. A GIS-based spatial index of feedstock-mixture availability 876 

for anaerobic co-digestion of Mediterranean by-products and agricultural residues. Biofuels, 877 

Bioproducts and Biorefining 12(3), 362-378. 878 

Valenti, F., Porto, S.M.C., 2019. Net electricity and heat generated by reusing Mediterranean agro-879 

industrial by-products. Energies 12(3), art. no. 470. 880 

Valenti, F., Porto, S.M.C., Chinnici, G., Cascone, G., Arcidiacono, C., 2016. A GIS-based model to 881 

estimate citrus pulp availability for biogas production: an application to a region of the 882 

Mediterranean Basin. Biofuels, Bioproducts and Biorefining 10(6), 710-727. 883 

Valenti, F., Porto, S.M.C., Dale, B.E., Liao, W., 2018a. Spatial analysis of feedstock supply and logistics 884 

to establish regional biogas power generation: A case study in the region of Sicily. Renewable and 885 

Sustainable Energy Reviews 97, 50-63. 886 

Valenti, F., Porto, S.M.C., Selvaggi, R., Pecorino, B., 2018c. Evaluation of biomethane potential from 887 

by-products and agricultural residues co-digestion in southern Italy. Journal of Environmental 888 

Management 223, 834-840. 889 



30 
 

Valenti, F., Zhong, Y., Sun, M., Porto, S.M.C., Toscano, A., Dale, B.E., Sibilla, F., Liao, W., 2018d. 890 

Anaerobic co-digestion of multiple agricultural residues to enhance biogas production in 891 

southern Italy. Waste Management 78, 151-157. 892 

Volpe, M., D'Anna, C., Messineo, S., Volpe, R., Messineo, A., 2014. Sustainable production of bio-893 

combustibles from pyrolysis of agro-industrial wastes. Sustainability 6(11), 7866-7882. 894 

Yasar, A., Nazir, S., Rasheed, R., Tabinda, A.B., Nazar, M., 2017. Economic review of different designs 895 

of biogas plants at household level in Pakistan. Renewable and Sustainable Energy Reviews 74, 896 

221-229. 897 

Yusuf, M.O.L., Debora, A., Ogheneruona, D.E., 2011. Ambient temperature kinetic assessment of 898 

biogas production from co-digestion of horse and cow dung.  Research in Agricultural 899 

Engineering 57(3), 97-104. 900 


